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ABSTRACT
CHARACTERIZATION OF TWO KRAB-CONTAINING ZINC FINGER
TRANSCRIPTION FACTORS IN BOVINE PREIMPLANTATION EMBRYONIC
DEVELOPMENT

Mingxiang Zhang

Oocyte developmental competence or oocyte intrinsic quality describes the capability of
oocytes to resume meiosis, cleave and develop to blastocyst stage after fertilization, implant and
develop to term in a good health. A growing number of evidences indicate that the majority of
embryonic mortality occurs during early embryonic development in different species, including
human, horse and cattle primarily due to poor oocyte quality. Maternal effect genes are key aspects
of oocyte quality, which are transcribed during the process of oogenesis and folliculogenesis. The
maternal factors are accumulated in oocytes, orchestrating various early developmental events
including fertilization, epigenetic reprogramming and zygotic genome activation (ZGA). The key
step to acquire development competence is oocyte maturation. The fully matured oocytes, which
obtain required maternal factors, are determining factor for fertility. During the process of in vitro
maturation, manipulation of synchronization of meiotic maturation and cytoplasmic maturation,
which determines the acquisition of maternal factors, increases the oocyte competence.
C2H2 (Cys2-His2) zinc finger domain represents one of most common domains of
transcription factor in mammals, which dominate around 53% of mammalian transcription factor
repertoire. Approximately 2/3 of C2H2 zinc finger transcription factors contain a Küppel
associated box (KRAB) domain, which is known to interact with KRAB-associated protein-1
(KAP1) corepressor. KAP1 serves as a scaffold to recruit repressive complexes. Interestingly, even
though KRAB domain is present in some C2H2-zinc finger proteins, the interaction with KAP1 is
not guaranteed, especially for those that have a SCAN domain. Despite being highly abundant in
mammalian genome, the KRAB containing zinc finger proteins are still poorly understood.
Our laboratory previously identified a novel member of KRAB-ZFPs family, ZNFO. As a
maternal effect gene, ZNFO transcript is highly abundant in germinal vesicle (GV), MII-stage
oocytes, and early-stage embryos but barely detectable in morula and blastocyst stage embryos.
RNAi experiments demonstrated that ZNFO is indispensable during early embryonic development
in cattle. However, the molecular mechanism regulating ZNFO transcription and regulatory
mechanism downstream of ZNFO remain elusive. In the present study, we identified the core
promoter that controls the ZNFO basal transcription. Using 5’RACE followed by Sanger
sequencing, the 5’ untranslated region (UTR) and the transcription start site (TSS) of ZNFO
transcript were identified. A 1.7 kb of putative promoter region of ZNFO spanning from -1665 to
+36 was cloned into pGL4.14 luciferase reporter vector. A series of 5′ deletion in the ZNFO
promoter followed by luciferase reporter assays indicated that the core promoter region has to
include the sequence located between 57 bp to 31 bp upstream of the TSS. Sequence analysis
revealed that a putative upstream stimulatory factor 1/2 (USF1/USF2) binding site
(GGTCACGTGACC) containing an enhancer box (E-box) motif (CACGTG) is located within the
essential region. Depletion of USF1/USF2 by RNAi and E-box mutation analysis demonstrated

that the USF1/USF2 binding site is required for the ZNFO basal transcription. Furthermore, EMSA
and super-shift assays indicated that the observed effects are dependent on the specific interactions
between USF proteins and the ZNFO core promoter. From these results, it is concluded that USF1
and USF2 are essential for the basal transcription of the ZNFO gene. Regarding the regulatory
mechanism downstream ZNFO, the previous study identified an 18-nucleotide ZNFO binding
element (ZNFOBE), ATATCCTGTTTAAACCCC. The present study confirmed the sequencespecific binding of ZNFO to its target element using EMSA in combination with competition
assays. Furthermore, it was confirmed that the interaction between ZNFO and ZNFOBE is required
for the repressive effect of ZNFO via a luciferase reporter assay.
Zinc Finger Imprinted 2 (ZIM2) is isolated from a highly conserved Paternally Expressed
3 (PEG3) imprinted domain. Compared to mouse Zim2, the human and bovine ZIM2 maintain the
protein coding ability. Both human and bovine ZIM2 encode a KRAB-containing zinc finger
protein. In addition, SCAN domain, a protein interaction domain is also present in the N-terminal
of human and bovine ZIM2 protein. It has been reported that ZIM2 is highly abundant in testis.
Consistent with human microarray data, analysis of RNA-seq data from our laboratory revealed
that ZIM2 is highly abundant in bovine oocytes as well. In the present study, characterization of
ZIM2 transcript expression revealed that ZIM2 mRNA is expressed in testis, oocytes, and early
embryos. Interestingly, ZIM2 mRNA is not detectable in morula but re-transcribed in blastocyst.
In addition, western blot analysis using a customized ZIM2 antibody indicated that ZIM2 protein
is present in oocytes and 2-cell, 4-cell, 8-cell, 16-cell embryos, morula, and blastocyst. The RNAimediated knockdown indicated that deletion of ZIM2 by microinjecting siRNA targeting ZIM2
reduced the blastocyst rate. In addition, using a GAL4-luciferase reporter assay, ZIM2 was
demonstrated to contain an intrinsic repressive effect. Furthermore, ZIM2 interacted with a highly
conserved co-repressor KAP-1. Present studies demonstrated that maternally derived ZIM2 is
indispensable for early embryonic development, presumably serving as a transcription repressor.
Overall, the present projects elucidate the molecular mechanism regulating basal
transcription of ZNFO, as well as the downstream regulatory mechanism of ZNFO. In addition,
ZIM2 was confirmed to be a transcription repressor, which might be indispensable for bovine early
development.

DEDICATION
To my wife Yuexin Wang, you conformed me whenever I was frustrated. You
encouraged me to pursue my dream and told me that every challenge I faced was valuable.
To my mom and dad. Your love and valuable life lessons made me the person I am.
Thank you.

iv

ACKNOWLEDGEMENTS
Foremost, I would like to show my deepest gratitude to my advisor Dr. Jianbo Yao. In the
past several years, he has continually provided me with his wisdom, encouragement, humor,
teachings, and support. He is not only my mentor of science but also my mentor of life. With his
great support as well as patience, I gradually caught what my science is and how to deal with
frustration.
Second, I want to express my gratitude to my committee members: Dr. Vagner Benedito,
Dr. I-Chung Chen, Dr. Ida Holásková and Dr. Daniel Mathew for serving on my graduate
committee and for each providing me their own teachings and support throughout my graduate
study. I would also like to appreciate Dr. Robert Dailey and Dr. E. Keith Inskeep for spending
their time mentoring me to read scientific papers, present seminars and polish my scientific
writing.
I wish to thank Dr. Melanie Clemmer for showing me how to do microinjection.
My thanks also go to my lovely lab mates, Dr. Jian Wang, Dr. Liyuan Fu, Dr. Prasanthi
Koganti, Jaelyn Current, and Heather Chaney for their great support and discussions as well as
dear friendship during my graduate life. This great lab family makes me grow and teaches me to
be stronger.
I also want to thank the undergraduate students: Kaleb Royer, Megan Morral, Emily
Dugan, Brady Nicewarner, Gianna Chimino, Emery Kronemeyer, Victoria Nist for the helping
with oocyte aspiration.
Lastly, and ever sincerely, I want to appreciate my family members far away in China. I
received great support from my parents and wife when I decided to pursue my degree far away
from home. Science always gave me a hard time and I always received encouragement from my
family.
Further, the financial support from the USDA and the support of the Division of Animal
and Nutritional Sciences at West Virginia University are greatly appreciated.

v

LIST OF PUBLICATIONS
Publication-1
Zhang M, Chaney HL, Current JZ, Yao J. Identification of the core promoter of ZNFO, an
oocyte-specific maternal effect gene in cattle. Gene. 2021 Jul 30; 791:145717.
Publication-2
Zhang M, Current JZ, Chaney HL, Yao J. Identification of the DNA binding element of ZNFO,
an oocyte-specific zinc finger transcription factor in cattle. (Submitted to Gene)
Publication-3
Fu L, Zhang M, Mastrantoni K, Perfetto M, Wei S, Yao J. Bovine Lhx8, a Germ Cell-Specific
Nuclear Factor, Interacts with Figla. PLoS One. 2016 Oct 7;11(10): e0164671.

vi

TABLE OF CONTENTS
ABSTRACT ................................................................................................................................... ii
DEDICATION.............................................................................................................................. iv
ACKNOWLEDGEMENTS ......................................................................................................... v
LIST OF PUBLICATIONS ........................................................................................................ vi
LIST OF ABBREVIATIONS ...................................................................................................... x

REVIEW OF LITERATURE ...................................................................................................... 1
INTRODUCTION ..................................................................................................................... 2
THE PHYSIOLOGICAL ASPECT OF OOGENESIS AND IN VITRO EMBRYO
CULTURE ................................................................................................................................. 4
THE MOLECULAR REGULATORY ASPECT OF EARLY EMBRYONIC
DEVELOPMENT.................................................................................................................... 17
KRAB-CONTAINING C2H2 ZINC FINGER PROTEIN .................................................. 27

CHAPTER 1 ................................................................................................................................ 66
ABSTRACT ............................................................................................................................. 68
INTRODUCTION ................................................................................................................... 69
MATERIALS AND METHODS ........................................................................................... 71
RESULTS................................................................................................................................. 75
DISCUSSION .......................................................................................................................... 77
REFERENCES ........................................................................................................................ 82
CHAPTER 1-FIGURE LEGENDS ....................................................................................... 87
CHPATER 1-FIGURES ......................................................................................................... 90
Chapter 1-Fig. 1 ..................................................................................................................... 90
Chapter 1-Fig. 2 ..................................................................................................................... 91
Chapter 1-Fig. 3 ..................................................................................................................... 92
Chapter 1-Fig. 4 ..................................................................................................................... 93
Chapter 1-Fig. 5 ..................................................................................................................... 94
CHAPTER 1-TABLE 1 .......................................................................................................... 95

CHAPTER 2 ................................................................................................................................ 96
vii

ABSTRACT ............................................................................................................................. 98
INTRODUCTION ................................................................................................................... 99
MATERIALS AND METHODS ......................................................................................... 100
RESULTS............................................................................................................................... 101
DISCUSSION ........................................................................................................................ 102
REFERENCE ........................................................................................................................ 106
CHAPTER 2-FIGURE LEGENDS ..................................................................................... 111
CHAPTER 2-FIGURES ....................................................................................................... 113
Chapter 2-Fig. 1 ................................................................................................................... 113
Chapter 2-Fig. 2 ................................................................................................................... 114
Chapter 2-Fig. 3 ................................................................................................................... 115
CHAPTER 2-TABLE 1 ........................................................................................................ 116

CHAPTER 3 .............................................................................................................................. 117
ABSTRACT ........................................................................................................................... 119
INTRODUCTION ................................................................................................................. 120
MATERIAL AND METHODS ............................................................................................ 122
RESULTS............................................................................................................................... 127
DISCUSSION ........................................................................................................................ 129
REFERENCE ........................................................................................................................ 135
CHAPTER 3-FIGURE LEGENDS ..................................................................................... 142
CHAPTER 3-FIGURES ....................................................................................................... 144
Chapter 3-Fig. 1 ................................................................................................................... 144
Chapter 3-Fig. 2 ................................................................................................................... 146
Chapter 3-Fig. 3 ................................................................................................................... 147
Chapter 3-Fig. 4 ................................................................................................................... 148
Chapter 3-Fig. 5 ................................................................................................................... 149
Chapter 3-Fig. 6 ................................................................................................................... 151
CHAPTER 3-TABLE 1 ........................................................................................................ 152

SUMMARY ............................................................................................................................... 153
FIGURE LEGENDS ............................................................................................................. 156
viii

FIGURES ............................................................................................................................... 156
Summary-Fig. 1 ................................................................................................................... 156
Summary-Fig. 2 ................................................................................................................... 156

ix

LIST OF ABBREVIATIONS
BMP

Bone Morphogenetic Protein

bp

Base pair

C2H2

Cysteine2-Histidine2

CAST

Cyclic Amplification and Selection of Targets

cDNA

complementary DNA

CPEB1

Cytoplasmic Polyadenylation Element Binding Protein 1

COC

Cumulus-oocyte-complexes

CO-IP

Co-immunoprecipitation

ChIP

Chromatin Immunoprecipitation

DAZL

Deleted in Azoospermia-Like Autosomal

DPPA3

Developmental Pluripotency Associated 3

DNMT

DNA Methyltransferase 1

E

Embryonic day

Enhancer box

E-box

EGA

Embryonic Genome Activation

EGF

Epidermal Growth Factor

EPI

Epiblast

EMSA

Electrophoretic Mobility Shift Assay

ERV

Endogenous retrovirus

FGF

Fibroblast growth factor

GDF9

Growth Differentiation Factor 9

GV

Germinal Vesicle

GVBD

Germinal Vesicle Breakdown

HP1

Heterochromatin Protein 1

ICM

Inner Cell Mass

ICR

Imprint Control Region

IGF

Insulin-like Growth Factor

KAP1

KRAB-Associated Protein 1

KRAB

Krüppel-associated box

x

MII

Metaphase II

MET

Maternal-to-embryonic transition

ORF

Open reading frame

PGC

Primordial germ cell

PEG3

Paternally Expressed 3

PrE

Primitive endoderm

RACE

Rapid Amplification of cDNA Ends

RNAi

RNA interference

RPL19

Ribosomal Protein-Like 19

SCAN

SRE-ZP, CTfin51, AW-1 and Number 18 cDNA

SETDB1

SET Domain, Bifurcated 1

TSS

Transcription start site

TEs

Transposable elements

TE

Trophectoderm

TET3

Tet methylcytosine dioxygenase 3

UTR

Untranslated region

USF

Upstream stimulatory factor

ZFP

Zinc finger protein

ZNFOBE

ZNFO binding element

xi

REVIEW OF LITERATURE
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INTRODUCTION
The key aspects of oocyte developmental competence or oocyte quality include the
capacity of the oocyte to resume meiosis, cleave and develop to blastocyst stage post-fertilization,
implant and develop to term in a good heath (Picton et al., 1998; Krisher, 2004; Sirard et al., 2006).
Numerous studies have demonstrated that the majority of embryo mortality occurs during early
embryonic stages in different species including human (Wilcox et al., 1988), horses (Ginther et
al., 1985), and cows (Sartori et al., 2009; Reese et al., 2020) primarily due to poor oocyte quality.
In human IVF, the live birth rate from IVF non-donor fresh transferred embryos is ~ 29 -33% in
the patients younger than 35 years old (Calhaz-Jorge et al., 2016; Toftager et al., 2017). However,
a declining fertility was observed with the increasing age of female partner (Gleicher et al., 2016).
According to 2012 CDC ART (Assisted Reproductive Technologies) report, the live birth rate is
significantly increased when women of advanced age use fresh donors’ oocytes, typically in their
20s or early 30s, suggesting a close link between poor oocyte quality and ovarian aging. In lactating
dairy cattle, the embryo mortality rate during the first week of gestation can reach 50% without
evidence of excess stressors (Wiltbank et al., 2016).
The oocyte property orchestrates various essential and complicated biological processes
during early embryonic development. During the process of fertilization, oocyte needs to be
“activated” and escape from metaphase II (MII) arrested and further develop to zygote. Even
though this process relies heavily on sperm-borne oocyte activation factor (SOAF) (Amdani et al.,
2015), maternal property also plays an essential role in fertilization. The phosphatidylinositol 4,5biphosphate (PIP2)-containing vesicles (Yu et al., 2008, 2012), which distributed across the
cytoplasm, is the specific target of phospholipase c zeta (PLCζ), a strong candidate SOAF.
Hydrolysis of PIP2 by PLCζ initiate the PLC pathway, while insufficient amounts of vesicles or
low PIP2 level in vesicles may be harmful for oocyte activation (Yeste et al., 2016). In addition,
nuclear reprogramming of zygote also relied upon maternal factors. For instance, H1FOO
decondenses the highly packed paternal chromatin and protamine in paternal chromatin are
replaced by maternal derived histones (Gao et al., 2004), which is required for paternal genome
integration. Zygotic genome activation (ZGA) is another core transition during early
developmental stage. Binding of maternal factors to the decondensed open chromatin initiates the
minor wave of ZGA, which established the 3-D chromatin structure. Furthermore, together with
2

maternal products, minor activation products may trigger the major activation wave (Halstead et
al., 2020).
Fertilization describes the union of oocyte, the highly specialized female germ cell, and
sperm, the highly specialized male germ cell, producing a totipotent zygote. The first lineage
differentiation occurs during the early embryonic development when the totipotent morula cells
differentiated into inner cell mass (ICM) and trophectoderm (TE). The cellular differentiation
results from differential gene expression pattern, which is determined by epigenetic information
or epigenomes. Epigenetic modifications are encoded by DNA methylation, histone modifications,
chromatin remodeling, as well as non-coding RNA (Canovas and Ross, 2016; Zhu et al., 2021).
In addition, modification(s) of mRNA or LncRNA is another aspect of epigenome (Liu and Pan,
2015). During the early embryonic development, dramatic epigenome reprogramming occurs,
which erases the gamete-specific epigenomic signature and resets to basal epigenetic signature for
totipotency and further development (Smith et al., 2012). Shortly after fertilization, the parental
genome undergoes an active DNA demethylation prior to the onset of DNA replication (Oswald
et al., 2000; Park et al., 2007), while a passive DNA demethylation occurs in maternal genome
potentially triggered by the exclusion of the maintenance DNA methyltransferase DNMT1 from
the nucleus (Howell et al., 2001). In contrast to the majority of the genomic regions, the imprinting
control regions (ICRs), which are cis-regulatory elements controlling imprinted genes, escape from
the global demethylation processes during early embryonic development. Genomic imprinting
describes a phenomenon where a subset of genes in mammalian genome is expressed only from a
single parental allele (Bartolomei, 2009). The parental-specific modifications were established in
the ICRs during the germline development and maintained after fertilization.
The two cysteine and two histidine residue (C2H2) zinc finger proteins (C2H2-ZNFs)
represent the largest group of transcription factors in mammalian genome (Vaquerizas et al., 2009).
It was estimated that more than 2% of total human genes encode C2H2-ZNF proteins (Lander et
al., 2001). The Krüppel-associated box (KRAB) domain is found to be located in the N-terminal
region of most C2H2-ZNF proteins (Margolin et al., 1994), which is known as an intrinsic
repressive domain interact with KAB-associated protein 1 (KAP1) corepressor (Friedman et al.,
1996). The SCAN (SREZBP, Ctfin51, AW-1, and Number18) is another typical vertebrate C2H2ZNF N-terminal domain (Emerson and Thomas, 2011). Unlike KRAB domain, the SCAN domain
3

does not have transcriptional activation or repression capabilities but served as an interaction
domain instead (Williams et al., 1999; Sander et al., 2000; Schumacher et al., 2000). Even though
their vast occurrence, the C2H2-ZNF proteins are still poorly explored, especially in the field of
reproductive physiology, even though their vast occurrence. This review of literature will first
focus on highlighting the basic reproductive physiology events during the female gamete
formation including the oogenesis, folliculogenesis and early embryonic development. The second
part will discuss epigenetic regulation as well as signaling pathway during early embryonic
development. The third part is going to cover the background knowledge about C2H2-ZNF
transcription factors containing a KRAB and SCAN domain.
THE PHYSIOLOGICAL ASPECT OF OOGENESIS AND IN VITRO EMBRYO
CULTURE
The primordial germ cells (PGCs) are the ancestors of both male and female gametes,
which is specified during early embryonic development. The PGCs arise from the proximal
epiblast cells (Lawson and Hage, 1994). The mammalian germ cell fate is induced by the extrinsic
signals from surrounding somatic cells (Bowles and Koopman, 2010), since the allocation of the
epiblast cells to the germ cells is not irreversible but following a site-specific manner (Tam and
Zhou, 1996). The PGCs migrate from the extraembryonic tissues to sexually indifferent gonadal
ridges. After sex differentiation, the PGCs will differentiate to oogonia in response to the female
reproductive program (Morohaku et al., 2017). Oogonia undergoes meiosis and becomes primary
oocyte, which maintained dictyate arrest until the signal stimulating the meiotic resumption.
Folliculogenesis is the parallel process of oogenesis, which provided the optimized
microenvironment for oocytes. Within the follicles, communication between somatic cells and
oocytes is indispensable for the developmental competence of oocyte.
1. Generation of primordial germ cells in mammals
Even though there is morphological similarity until blastocyst stage, the embryos of mouse
and other mammals become structurally distinct following implantation (Tang et al., 2016). In
mouse, the embryo undergoes a unique transition from a round blastocyst to form the egg cylinder
between embryonic day 3.5 (E3.5) and E5.5. The pluripotent epiblast cells became polarized and
transform into a cup-shaped epithelium (Beddington and Robertson, 1999; Bedzhov and ZernickaGoetz, 2014), while the extra-embryonic ectoderm (ExE), which is derived from the trophectoderm
4

forms an inverted cup on the top (Tang et al., 2016). In addition, the primitive endoderm (PrE)
develops into the visceral endoderm (VE) and envelops the epiblasts and the ExE (Rossant and
Tam, 2009). At E5.5, the distal VE (DVE) thickens and migrates towards the future anterior side
to form anterior visceral endoderm (AVE), which establishes the anterior-posterior polarity of the
mouse embryo. In contrast to mouse, the post-implantation embryo development of other
mammals commences with a bilaminar disc (Alberio et al., 2021). The epiblast and primitive
endoderm flatten into a round bilaminar embryonic disc and move away from the trophoblast,
forming the fluid-filled amniotic cavity. The yolk sac, which originated from blastocoel,
sandwiches the embryonic disc with the amniotic cavity (Tang et al., 2016).
The determination of mammalian germ cell fate follows the epigenesis model (Extavour
and Akam, 2003), in which the extraembryonic signal induces the germ cell specification. The
mouse PGCs (mPGCs) were first localized as a distinct cluster of around 40 alkaline phosphatasepositive cells at E7.25 at the base of the incipient allantois (Ginsburg et al., 1990), which are
originated from 6 epiblast cells immediately adjacent to the ExE (Lawson and Hage, 1994). They
migrate to the developing hindgut endoderm at E7.75 and colonize the genital ridges at E10.5
(Tam and Snow, 1981; Molyneaux et al., 2001; Seki et al., 2007; Richardson and Lehmann, 2010).
While pig PGCs (pPGCs) initially form a cluster of 60 cells at E12 and expand to 150 -200 cells
at E14 (Kobayashi et al., 2017) and commence the migration through the hindgut at E15. The
pPGCs reach gonad ridges around E22 followed by extensive proliferation between E28-E44
(Hyldig et al., 2011a, b). The human PGCs (hPGCs) were first identified around the end of week
3 on the wall of the yolk sac at the angle with the allantois and passively incorporated into the
embryo with the yolk sac wall (De Felici, 2013). The hPGCs migrate through the hindgut to the
genital ridges and colonize the genital ridges during the latter part of fifth week or at the beginning
of the sixth week (De Felici, 2013). The mouse PGCs specification occurs in response to complex
signaling pathway with PR domain zinc-finger protein 1 (PRDM1), PRDM14 and AP2γ forming
a core regulatory network (Tang et al., 2016). A few PRDM1-positive mPGCs precursors are
induced in the most proximal-posterior site, where the highest bone morphogenetic protein (BMP)
signal level exists (Ohinata et al., 2009). BMP4 from EvE is the primary source of BMP signaling
pathway, while BMP2 from VE augments the role of BMP4 (Ohinata et al., 2009). In addition,
BMP8B from EvE restricts the development of AVE, which antagonizes BMP4 signal from EvE
(Ohinata et al., 2009). WNT3–β-catenin signaling pathway is also indispensable for germ cell fate
5

determination. The WNT3–β-catenin signaling pathway can induce the expression of mesodermal
factor T (BRACHYURY), which is required for sustaining PRDM1expression and triggering
PRDM14 expression, the two germ cell fate determinants, through binding to the regulatory
elements in the presence of BMP4 (Aramaki et al., 2013). PRDM1 and PRDM14 induce the
expression of transcription factor AP2γ, and together form the tripartite transcription factor
network (Magnúsdóttir et al., 2013; Nakaki et al., 2013), which upregulate the expression of germ
cell and pluripotency genes, repress mesoderm genes, temporary inhibit cell proliferation (Seki et
al., 2007), and initiate epigenetic reprogramming and migration. While in pigs and humans,
sequential upregulation of SOX17 and PRDM1 in response to BMP signaling are essential for the
PGCs induction (Irie et al., 2015; Kobayashi et al., 2017). In addition, the WNT signaling plays
an essential role on the PGC-competence of epiblast cells before BMP signal induction through
the induction of mesodermal factor T (Kobayashi et al., 2017), indicating a developmental
conservation regarding the PGCs differentiation.
2. Determination of oogenic fate
During the process of migration, PGCs maintain the developmentally pluripotent capability
and express both naïve and general pluripotent factors (Pesce et al., 1998; Bullejos and Koopman,
2004; Nicholls et al., 2019). Once upon reaching the genital ridge, the PGCs colonize the nascent
gonad and undergo proliferation. During this period, the PGCs establish a definitive germ-cell
program, in which the deeply conserved, germ cell-specific factors are activated, and the
pluripotent factors are simultaneously down-regulated (Nicholls et al., 2019). This transition,
termed as germ cell determination, restricts the pluripotent development of germ line. One of the
genes essential for this process is DAZL (deleted in azoospermia like), which encodes deleted in
azoospermia-like (DAZL) protein, an evolutionary conserved and germ cell-specific RNA binding
protein (Seligman and Page, 1998). The defect of DAZL causes PGCs to maintain the
developmentally uncommitted and the expression of a network of pluripotency factors (Nicholls
et al., 2019). Thus, DAZL serves as licence, which is required for initiation the gametogenesis
(Gill et al., 2011).
The germ cells are poised to initiate the meiosis after the germ cell licensing (McLaren and
Southee, 1997; Adams and McLaren, 2002; Gill et al., 2011). However, the male germ cells are
arrested in G0/G1, undergoing the mitosis arrest in the fetal testis (Western et al., 2008), while
6

female germ cells initiate the meiosis and are arrested at the diplotene stage of prophase I of
meiosis. The gonadal environment rather than the sex chromosome constitution (XX or XY)
determines whether the germ cells initiate meiosis or sustain the mitotic cycles (McLaren and
Southee, 1997; Adams and McLaren, 2002; Saitou and Yamaji, 2012). Retinoic acid (RA) or alltrans retinoic acid (ATRA), which is a morphogen generated from vitamin A, play an essential
role in early embryonic development (Kin Ting Kam et al., 2012). ATRA is a meiosis-inducing
substance, which induces the expression of both Stra8 (Stimulated by Retinoic acid gene 8) (Baltus
et al., 2006), and Rec8 (Bannister et al., 2004; Xu et al., 2005). Stra8 is critical for the entry of
meiosis in both sexes, but quickly shut off early in meiosis (Baltus et al., 2006; Anderson et al.,
2008). The stra8-null mouse ovarian germ cells fail to undergo premeiotic DNA replication and
begin meiotic prophase I chromosomal events including chromosome condensation, cohesion,
synapsis, and recombination (Baltus et al., 2006). In addition, STRA8 (Stimulated by Retinoic
Acid Gene 8) has been demonstrated to be a transcriptional activator, which triggers the expression
of a variety of genes including meiotic prophase I genes, factors mediating G1-S cell cycle and
inhibiting the mitotic program (Kojima et al., 2019). The male germ cells do not express Stra8 in
the fetal testis but in the postnatal germ cells instead when the large wave of spermatogonia
differentiation occurs (Zhou et al., 2008). Rec 8 encodes a component of cohesion complex, which
is accumulated during the meiotic S phase and required for the cohesion of sister chromatid, proper
synapsis, and chiasmata formation (Bannister et al., 2004; Xu et al., 2005). Both Stra8 and Rec8
are expressed in an anterior-to-posterior wave in fetal ovary (Koubova et al., 2014), indicating that
meiosis initiation relies on an intrinsic clock with the oldest germ cell first colonizing the anterior
pole of the fetal ovaries (Menke et al., 2003; Le Rolle et al., 2021). In the fetal testes, the RA is
degraded by CYP26B1, a cytochrome p450 enzyme, thereby preventing the initiation of meiosis
in fetal testes (Bowles Josephine et al., 2006; Koubova et al., 2006).
Interestingly, recent reports indicated that the ATRA signaling pathway is dispensable for
meiosis initiation and Stra8 expression (Chassot et al., 2020; Vernet et al., 2020). The function of
ATRA is mediated by the nuclear retinoic acid receptors (RARA, RARB, and RARG), which
regulate transcription through a ligand-dependent way (Vernet et al., 2020). The RAR usually
forms the heterodimers with RXRs to control the expression of target genes through the interaction
with retinoic acid response elements (RAREs) (Dawson and Xia, 2012). Using a tamoxifeninducible Cre recombinase knockout approach, the transgenic mouse lacking all RARs were
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generated (Vernet et al., 2020). Mutant oocytes from the knockout mouse robustly express meiotic
genes including Stra8 (Vernet et al., 2020). In addition, complete deletion of all three isotypes of
ALDH1A (ALDH1A1, ALDH1A2, and ALDH1A3) only caused a minor downregulation of
STRA8, which is not robust enough to prevent the initiation of meiosis (Chassot et al., 2020).
Overall, the role of ATRA signaling pathway in the entry of meiosis is still debatable.
In addition to the traditional RA signaling pathway, various research regarding the oogenic
fate determination have been published recently. Zglp1 encodes an evolutionary conserved
transcriptional regulator, which showed specific and transient expression in the embryonic germ
cells in fetal ovary during oogenic fate determination (Nagaoka et al., 2020). Deficiency of ZGLP1
in female mouse leads to no germ cell differentiating into oocytes and absence of oocytes at birth
(Strauss et al., 2011; Nagaoka. et al., 2020). The up-regulation ZGLP1 in PGCs induced by the
BMP2 secreted from embryonic granulosa cells (Yao et al., 2004; Jameson et al., 2012) activates
the key oogenic programs (Nagaoka et al., 2020). Interestingly, ZGLP1 induces the oogenetic fate
and meiotic prophase with the up-regulation of Stra8 in absence of RA, indicating that Stra8 is
partially downstream of ZGLP1 and regulates the meiotic program (Nagaoka et al., 2020).
3. Folliculogenesis
Once the germ cells commit to the female program, they enter the prophase of meiosis I
and become oocytes. The oocytes progress through different stages of meiotic prophase I,
including leptotene, zygotene, pachytene, and diplotene until reaching the dictyate arrest (Monk
and McLaren, 1981; Speed, 1982), which marks the transition from oogenesis to folliculogenesis.
Prior to the formation of primordial follicles, the germ cells within the fetal ovary undergo
the incomplete cytokinesis forming germ cell cyst, in which the cells are connected with ring canals
(Pepling and Spradling, 1998). The germ cell cysts are programmed to break down to release the
single oocytes followed enclosing the individual oocytes with granulosa cells forming primordial
follicles (Pepling and Spradling, 2001). Various research has been conducted using mouse as a
mammalian model. The germ cell cysts are surrounded by somatic pre-granulosa cells forming
ovigerous cords, which are going to be fragmented to separate oocytes (Byskov, 1986; Pepling,
2012). In addition, the rearrangement of somatic cells during the fragmentation of ovigerous cords
indicates that the somatic cells might play an essential role in germ cyst breakdown by separating
oocytes physically (Pepling and Spradling, 2001). Only 1/3 of oocytes can survive during germ
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cell cyst breakdown and forming primordial follicles (Pepling, 2012). The programmed cell death
might be involved in the germ cell cyst breakdown. In one model, the oocytes with a large cyst
undergo apoptosis, separating it into smaller cysts, until only a few oocytes within one cyst
(Pepling and Spradling, 2001). Autophagy is another mechanism involved in the process of germ
cyst breakdown. The observation of lysosomal machinery in oocytes when primordial follicles
form suggests the involvement of autophagy in germ cyst breakdown (Edinger and Thompson,
2004). In addition, deficiency of Becn1 and Atg7 caused significant reduction of germ cells,
indicating the requirement of autophagy in the maintenance of female reproductive endowment
before primordial follicles formation (Gawriluk et al., 2011). In mouse, the breakdown of germ
cell clusters, rapid death of oogonia and formation of primordial follicles occur after birth (Pepling
et al., 2010) followed by a synchronous, initial wave of follicle activation and growth (Peters, 1969;
Fortune and Eppig, 1979). Compared to mouse, the ruminant and primates have primordial
follicles formation during fetal life. The first follicles are separated by the basal lamina at the base
of ovigerous cords around fetal day 75 (Sawyer et al., 2002) in sheep and day 90 in cow (Garverick
et al., 2010). The follicular growth in ruminants is asynchronously, in which some primordial
follicles are activated to grow, and other follicles are still being formed (Yang and Fortune, 2008).
The primordial follicles represent the intrinsic endowment of female reproductive capacity.
In the primordial follicle, the oocyte is surrounded by one layer of flat squamous granulosa cells.
The primordial follicles are considered to be “quiescent” reservation pool. Once the follicles are
activated, they commit to growing. The primary follicles are the next developmental stage, in
which the oocytes are enlarged and surrounded by more than 2 layers of cuboidal granulosa cells.
In addition, the zona pellucida is deposited into the primary follicle and forms the small preantral
follicle. Both primary and small preantral follicles are defined as committed follicles, which grow
independent of gonadotropin (Scaramuzzi et al., 2011). The gap-junctions are also established
during this stage, which is essential for the communication between the oocyte and surrounding
granulosa cells. As the small preantral follicles grow, the theca interna cells with the LH-receptor
are differentiated and the granulosa cells proliferate rapidly acquiring the responsiveness to FSH.
The small preantral follicles develop into large preantral follicles followed by initiation of antrum
formation. The large preantral and small-medium antral follicles are in the gonadotropinresponsive stage. The granulosa cells differentiated into two anatomically and functionally distinct
lineages: mural granulosa cells and cumulus cells. The differentiation of cumulus cells is driven
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by oocyte-derived factors. The gonadotropin-responsive follicles can further develop into
gonadotropin-dependent follicles. The gonadotropin-dependent will become atretic due to the low
FSH level or develop into ovulatory follicles if the granulosa cells acquire the LH receptor, which
allow the follicles to survive in low LH concentration.
The follicular wave refers to the wave-like growth pattern of gonadotropin-responsive
follicles. A small rise of FSH due to the ovulation of a dominant follicle or the atresia of a
potentially ovulatory follicle releasing inhibitory feedback (estradiol and inhibin) induces the most
advanced gonadotropin-responsive follicles to further develop into gonadotropin-dependent
follicles (Western et al., 2008). One of the recruited follicles develops the LH receptors on the
granulosa cells, becoming the potential dominant follicle, and establish a negative feedback loop
to reduce the FSH concentration, which causes the atresia of the other gonadotropin-responsive
follicles. In the non-ovulatory wave, the potential dominant follicle becomes atretic and the
negative regulatory loop is terminated, which creates a new increase of FSH and starts a new wave.
In the ovulatory wave, the corpus luteum is regressed and the dominant follicles ovulate.
During the process of folliculogenesis, the oocytes are capacitated. Interesting, through the
paracrine signaling, oocytes secreted growth factors affect the process of folliculogenesis.
According to the ovarian morphogenic gradients theory, the factors secreted from oocyte are
established to have a concentration gradient, which controls the lineage differentiation of granulosa
cells to mural granulosa cells and cumulus cells (Erickson and Shimasaki, 2000). In addition, the
gonadotropin-driven differentiation of mural granulosa cells towards a luteinized phenotype is
inhibited in the cumulus cells by oocyte-secreted factors through the morphogenic gradients
mechanism (Eppig et al., 1997; Hussein et al., 2005). A growing number of oocyte-secreted factors
are identified, for example growth differentiation factor 9 (GDF9) (Dong et al., 1996), bone
morphogenetic protein 15 (BMP15) (Galloway et al., 2000), and JY-1 (Bettegowda et al., 2007).
4. Oocyte maturation
Within the fetal ovary, oogonia enters meiosis, and becomes the oocytes. The newly
differentiated oocytes undergo meiosis prophase I and reach the dictyate arrested until preovulatory follicles. In response to the LH surge, the oocytes escape from the dictyate arrest, and
the cumulus oocyte complex (COC) is released from the surface of ovary. A bi-directional relation
between the oocytes and the follicles has been observed for decades. The oocytes actively secrete
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factors, which are involved in the regulation of folliculogenesis, while the follicles provide a
critical microenvironment for the developing and growth of oocytes (Scaramuzzi et al., 2011).
During the process of folliculogenesis, the oocytes acquire meiotic resumption competence and
developmental competence, which guarantees successful fertilization, normal pre-implantation
development, and healthy growth to term. The process of oocytes maturation is a determining
factor for the oocyte intrinsic quality. To elucidate this process, oocyte maturation is clarified into
three aspects: meiotic maturation, epigenetic maturation, and cytoplasmic maturation (He et al.,
2021).
COC expansion is defined as a process, in which cumulus cells lose contact with each other
and move outward from oocyte along the extracellular matrix (ECM). The main components of
cumulus cells ECM include hyaluronan (HA) backbone, synthesized by hyaluronan synthase 2
(HAS2) and HA-stabilizing factors such as TNF alpha induced protein 6 (TNFAIP6), heavy chains
of serum-derived inter-α-inhibitor proteins (IaIHC), pentraxin-3 (PTX3) and Versican (VCAN)
(Richards, 2005). HA binds to cell surface receptors (CD44 and Rhamm) forming the backbone of
intracellular matrix, while VCAN, an extracellular matrix proteoglycan, anchors HA matrix to
cumulus cells via the interaction with integrins and cellular surface proteins (Turathum et al.,
2021). TNFAIP6 and IaIHC can bind to HA directly, while PTX3 interact with TNFAIP6
(Turathum et al., 2021). In response to LH surge, the granulosa cells and cumulus cells undergo a
rapid expression of epidermal growth factor (EGF)-like factors, including amphiregulin (Areg),
epiregulin (Ereg), betacellulin (Btc), and neuregulin-1 (Nrg1) and the EGF receptors (EGFR) (Park
Jy-Young et al., 2004; Shimada et al., 2006; Noma et al., 2011). In addition, the rapid expression
of prostaglandin synthase 2 (PTGS2) are induced in granulosa and cumulus cells, which maintains
the expression of EGF-like factors expression via increased production of prostaglandin E2 (PEG2)
(Sirois and Richards, 1992; Shimada et al., 2006). The EGF-like factors and PGE2 synergistically
stimulate cumulus cells to express matrix genes (Richards, 2005). In addition, FHS is also highly
involved in the induction of cumulus cells expansion (Eppig, 1979).
Germinal vesicle (GV) refers to the enlarged nucleus of dictyate-arrest oocyte. In response
to the LH surge, the oocytes within the pre-ovulatory follicles undergo meiotic resumption. The
germinal vesicle breakdown (GVBD), which is characterized by the initiation of chromosome and
disappearance of the nucleus (Miyano et al., 2003), is the first detectable sign of meiotic
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resumption (Pincus and Enzmann, 1935) following the long dictyate-arrest period. Numerous
studies have elucidated two cellular second messengers, cyclic adenosine monophosphate (cAMP)
and cyclic guanosine monophosphate (cGMP), are highly involved in maintaining oocyte meiotic
arrest. The intraoocyte cAMP level is a key regulator of oocyte meiotic resumption (Schultz et al.,
1983; Vivarelli et al., 1983). The high intraoocyte cAMP level activates the protein kinase A
(PKA), which further inhibits maturation promoting factor (MPF) (Pan and Li, 2019). MPF is an
essential factor for maturational events including GVBD in the oocytes (Jones, 2004). To sustain
the threshold level of intraoocyte cAMP level, the cAMP-Phosphodiesterase (cAMP-PDE) is
inactivated to maintain the meiosis arrest. This process is regulated by cGMP (Pan and Li, 2019).
Within the mural granulosa cells, the FSH/FSH receptor (FSHR) signaling pathway collaborating
with Estrogen/ER signaling pathway prompts the production of natriuretic peptide precursor C
(NPPC) (Lee et al., 2013; Cesaro et al., 2015; Liu et al., 2017). The NPPC activates the receptor
NPR2 within the cumulus cell, and converts the GMP to cGMP, which transfers to the oocytes
through gap junction. The elevated cGMP level within oocyte will inhibit the cAMP-PDE activity
and block the degradation of intraoocyte cAMP (Norris et al., 2009). The pre-ovulatory LH surge
initiates the process of meiotic resumption through releasing the inhibitory effect on cAMP-PDE
from the intraoocyte cGMP. To suppress the gap junction communication, LH stimulates the
mitogen-activated protein kinase (MAPK)-dependent phosphorylation of connexin 43 (cx43)
(Norris et al., 2008), which further induces the closure of cx37 gap junction (Kordowitzki et al.,
2021). The closure of gap junction communication blocks the transfer of cGMP to the oocytes. In
addition, LH surgery induces the suppression of NPPC synthesis in the granulosa cells (Kawamura
et al., 2011), which blocks the downstream guanyl cyclase activity of NPR2 receptor in the
cumulus cells. Furthermore, it has been reported in rats that the LH surge triggers the
dephosphorylation and inactivation of NPR2 receptor (Egbert et al., 2014). The phosphorylation
of the cGMP-PDE5, which is responsible for converting cGMP to 5’GMP, is also observed
following the LH surge (Egbert et al., 2014; Pan and Li, 2019). It has been well documented that
the production of EGF and EGF-like factors in response to LH surge can activate the EGFR
signaling, which decreases the affinity of NPR2 to NPPC via elevated level of calcium (Hao et al.,
2016).
Cytoplasmic maturation refers to the synthesis, activation, and degradation of maternal
mRNA (Schellander et al., 2007; Su et al., 2007; He et al., 2021). Following the GVBD, the
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oocytes become a transcription-quiescence. However, the accumulated maternal mRNAs are
translated into protein actively and the clearance of maternal transcripts is initiated after the meiotic
resumption (He et al., 2021). The newly translated proteins will be highly involved in the meiotic
spindle assembly, the maintenance of MII arrest, and degradation of maternal transcripts (He et
al., 2021). The 3’ untranslated region (3’-UTR) is closely related to the translation of mRNA (Yang
et al., 2017). Cytoplasmic polyadenylation is a key regulator for the activation of mRNA
translation. The cytoplasmic polyadenylation element (CPE)-binding protein-1 (CPEB1) mediated
activation of dormant mRNAs within GV-arrest oocytes during meiotic maturation is the most
extensively studied mechanism (Reverte et al., 2001; Mendez et al., 2002; Piqué et al., 2008; Chen
et al., 2011). The polyadenylation signal (PAS) and the nearby CPE are the two elements involved
in the process. Some transcripts, like Btg4, have all PASs surrounded by CPEs, which recruit
CPEB1 protein and sequestering the PASs from CPSF4, the cleavage and polyadenylation
specificity factor before GVBD (Dai et al., 2019). After GVBD, CPEB1 proteins are
phosphorylated and degraded by the MAPK signal, converting the inhibitory effect from CPEs to
the stimulating effect and the dormant maternal transcripts start actively translation (Dai et al.,
2019). The clearance of maternal factors is essential for the activation of the zygotic genome.
Deficiency of maternal mRNA clearance at the onset of maternal-to-zygotic transition (MZT)
blocks the activation of zygotic genome and causes the developmental arrest of early embryos (Sha
et al., 2019). The elimination of maternal transcripts can be achieved in two decay pathways, the
maternally encoded mRNA decay pathway (M-decay) and the zygotically encoded mRNA decay
pathway (Z-decay) (Sha et al., 2020). The M-decay is independent of zygotic genome activation
(ZGA) since it occurs before ZGA, while the Z-decay requires the zygotic transcription to clear
maternal transcripts. The determination of M-decay or Z-decay on certain transcripts is highly
dependent on the length of 3’-UTR and the translational activity (Sha et al., 2020). In general, the
transcripts with long 3’-UTR and are actively translated are conferred resistance to the M-decay
and undergoes Z-decay (Sha et al., 2020). Thus, the initiation of MZT can be defined to begin at
oocyte meiotic resumption since the activation of the dormant maternal transcripts and elimination
of maternal transcripts initiate during this period (Sha et al., 2019). Other than the metabolism and
activity of mRNA, the arrangement of organelles is also an essential aspect of cytoplasmic
maturation. For instance, cortical granules are membrane bound secretory organelle located within
the cortex of unfertilized oocytes and undergo the exocytosis to release the signal into the
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perivitelline space (PVS), which blocks the polyspermy by modifying the extracellular matrix
(zona pellucida in mammal) of oocytes (Liu, 2011).
The current studies of epigenetic maturation mainly focus on the post-translational
modifications (PTMs) of histone tails, which include acetylation, phosphorylation, methylation,
glycosylation, ubiquitination, and SUMOylation (He et al., 2021). Numerous studies have been
done to investigate the function of the requirements of epigenetic maturation for the subsequent
development. For example, HSAPIN-mediated histone 3 threonine 3 phosphorylation (H3T3p) is
essential for the developmental competence of porcine oocytes and mediates the histone
deacetylation to regulate the meiotic maturation (Cao et al., 2019). In addition, the accessibility of
chromatin is another aspect of epigenetic maturation. To acquire the maximal competence
supporting the meiotic resumption, fertilization, and early development, the oocytes undergo an
intense and sustained RNA transcription during folliculogenesis (Coticchio et al., 2015). To
achieve this, the chromatin of oocytes acquires a highly decondensed status, which allows the
interaction with transcription factors for the loading of transcription machinery (Coticchio et al.,
2015). During the GVBD, the chromosome starts to condense (Miyano et al., 2003), which
decreases accessibility dramatically (Coticchio et al., 2015).
5. MII arrest and MII exit
The mammalian mature oocytes undergo a second arrest in MII stage until fertilization.
The maintenance of MII-arrest is mediated by a cytostatic factor (CSF) (Jones, 2005). The
Anaphase-Promoting Complex/Cyclosome (APC/C), a multi-subunit E3 ligase complex, is known
to be required for exiting from metaphase in both mitosis and meiosis for decades. The
polyubiquitination of cyclin B1 by APC/C induces the degradation of cyclin B1 through its
coactivator Cdc20 (APC/Ccdc20), thus decreasing the MPF activity and processing cell cycle past
the metaphase (Jones, 2005). The presence of CSF can inhibit the degradation of cyclin B1 and
maintain a high activity MPF, thus maintaining the MII-arrest (Madgwick and Jones, 2007).
Mammalian endogenous meiotic inhibitor 2 (Emi2) is one of the identified CSF, which maintains
MII-arrest through interaction with Cdc20, thus blocking the function of APC/C (Shoji et al., 2006).
In addition, it has been demonstrated that cyclin B2 has compensatory mechanism on cyclin B1
during both meiosis I and meiosis II (Li et al., 2018, 2021), but low protein level of cyclin B3 is
required for maintaining MII arrest (Meng et al., 2020). CDK1 is the other component of MPF,
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which is phosphorylated by Wee1B protein kinase to inhibit CDK1 kinase activity (Oh et al., 2011)
and dephosphorylated by Cdc25 to activate the kinase activity (Kang et al., 2013). The inhibitory
phosphorylation of CDK1 by Wee1B is required for inactivation of MPF, thus exiting from MIIarrest. When Wee1B is downregulated within oocyte, the oocyte fails to response to Ca2+ signal
post-fertilization (Oh et al., 2011).
6. Cellular communication between oocytes and follicular cells
It has been known for decades that cellular interaction within the ovarian follicles is
indispensable for the proper physiological development of oocytes and future embryos. The
primordial follicle, which is composed of an oocyte surrounded by a single layer of squamous
granulosa cells, is the simplest follicular structure within the ovary. In absence of intracellular
junctions, the primordial follicles undergo direct cell-to-cell contact communication (McLaren,
1988). For example, the Notch signaling pathway, which is indispensable during early stage of
oogenesis requires physical contact between Notch-bearing pre-granulosa cells and oocytes
expressing Jagged-1 (Vanorny et al., 2014). As the increasing of complexity of follicles, other
systems are employed to conduct intercellular communication, including the classic receptorligand signaling pathway, autocrine-paracrine signaling pathways, the intercellular junctional
contact, like transzonal projections (TZPs) and receptor tyrosine kinase (RTK) signaling pathway
(McGinnis et al., 2013).
Zona pellucida (ZP), the extracellular glycoprotein egg coat surrounding oocytes, blocks
the direct communication between oocytes and surrounding somatic cells (Wassarman and
Litscher, 2013). The transzonal projections (TZPs), the thin cytoplasmic projections derived from
cumulus cells, traverse the zona pellucida to overcome the blockage of zona pellucida (Baena and
Terasaki, 2019) and reach the surface of oocyte. As the oocytes grow, the number of TZPs
amplifies significantly, which augments the communication between oocytes and surrounding
somatic cells (El-Hayek et al., 2018). In addition, the TZPs last until meiotic resumption,
terminating the oocyte-somatic communication in response to the LH surge. The heterologous gap
junctions formed from connexins 43 and 37, contributed by the cumulus cells and oocytes
respectively, are formed where the tips of TZPs contact with oolemma (Ackert et al., 2001; Mora
et al., 2012). It has been believed that these junctions only permit small molecules (< 1 Kda).
Interestingly, the germinal vesicles were also identified between the tip of TZP and oolemma
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(Macaulay et al., 2014), which provide a potential mechanism associated with large cargo
transferring from somatic cells to oocyte and remain to be investigated (Clarke, 2018). In addition,
GDF9, an oocyte derived factor, is demonstrated to be the signal trigger the formation of TZP (ElHayek et al., 2018). Furthermore, the release of oocyte-derived factors, such as GDF9, is mediated
through an oocyte-derived microvilli system (Oo-miv), the defect of which results in the failure of
cumulus cell-TZPs formation but can be rescued by GDF9 supplementation (Zhang et al., 2021).
7. Considerations of model of in vitro embryonic culture
Regarding human reproductive health, infertility can be defines as not being able to get
pregnant after at least one year of unprotected sex or more than 6 months for the woman aged more
than 35 years. Infertility is a common problem regarding human reproductive health. According
to CDC, about 6% of married women aged 15 to 44 years in the United State are infertile and 12%
of them have difficulty getting pregnant or carrying a pregnancy to term. Women having fertility
problems may consider ART, such as the in vitro fertilization (IVF) program. In vitro maturation
(IVM) of oocytes is a critical step in ART, which mimics the in vivo microenvironment facilitating
the maximal developmental competence. In human clinics, instead of exposing the patients to the
high levels of superovulating hormones, which triggers the high risk of causing ovarian hyper
stimulation syndrome (OHSS), IVM is an essential alternative protocol (Forman et al., 1990;
Humaidan et al., 2016). However, the acquisition of full developmental competence during IVM
process remains a challenge compared to the in vivo counterpart. It has been revealed that human
oocytes are more closely related to bovine oocytes compared to mouse oocyte in respect of the
proteins involved in fertilization and preimplantation embryonic development (Sylvestre et al.,
2013). In addition, there is similarity among humans, cows and pigs regarding oocyte diameter,
the time to reach the 2-cell stage, blastocysts or hatching compared to mouse (Santos et al., 2014).
The IVM system of domestic animals such as cows and pigs has been developed for decades to
investigate the molecular and cellular mechanism, which might be translated to increase the oocyte
competence in the human clinic trial. For example, supplementation of leukemia inhibitory factor
(LIF) in bovine IVM medium can significantly increase the oocyte developmental competence
(Mo et al., 2014). In pigs, the addition of three cytokines, fibroblast growth factor 2 (FGF2),
leukemia inhibitory factor (LIF), and insulin-like growth factor 1 (IGF1), can also significantly
increase the oocyte developmental competence (Yuan et al., 2017).
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The excessive reactive oxygen species (ROS) is one of the major obstacles during the
process of in vitro embryonic culture since the preimplantation embryos are really vulnerable to
ROS (Johnson and Nasresfahani, 1994), thus it is important to maintain a low level of ROS in the
embryonic culture medium. The oxygen level can induce the production of ROS. Since the oxygen
level is lower in the oviduct compared to the atmosphere, a decreased oxygen level (5%) is used
in the in vitro culture (IVC) process. It was reported that increased oxygen level during the IVC
triggers elevated ROS production and affects the quality of embryos adversely (Fischer and
Bavister, 1993). Other than the oxygen level, the resource of ROS may include medium, visible
light, semen and the embryo (Rakhit et al., 2013). The accumulated ROS impacts protein synthesis
and endoplasmic reticulum (ER) homeostasis in embryos (Reverendo et al., 2014). In vivo, the
embryos are protected from ROS by the antioxidants present in oviduct and produced by embryos
(Gardiner and Reed, 1995) including enzymatic such as catalase, which convert the lethal ROS
into less damaging molecules or non-enzymatic such as vitamin C (Li et al., 1993). However,
excessive ROS, those exceeding the antioxidant capacity of embryos, may trigger oxidative stress
and further suppress the embryo’s defense capacity against ROS (Ali et al., 2017). In the clinic
trial, two possible ways to manage the harmfulness of potential ROS including providing oral
antioxidant supplements to the potential parents before the collection of IVF cycle and
supplementing various dosages of antioxidants directly to the culture medium (Rakhit et al., 2013).
THE MOLECULAR REGULATORY ASPECT OF EARLY EMBRYONIC
DEVELOPMENT
After maturation, the oocytes maintain a transcriptional silence status until fertilized and
the activation of embryonic genome. Thus, the early developmental events including removal of
maternal factors, genome-wide reprogramming of male and female genome and activation of
embryonic genome are highly dependent on maternal factors. Considering that the degradation of
maternal transcripts and translation of the dormant transcripts initiate during oocyte maturation,
the MZT starts when meiotic maturation occurs (Sha et al., 2019). The activation of embryonic
genome occurs in two steps, the minor activation, which occurs between S phase of the one-cell
embryo in mouse (Abe et al., 2018), two-cell stage in cattle and human (Memili and First, 2000),
and the major activation, which occurs G1 of the two-cell embryo in mouse (Abe et al., 2018), 4cell stage in human, and 8 to 16-cell stage in cattle (Santos et al., 2014). Both minor and major
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ZGA are indispensable for the proper growth of embryos (Abe et al., 2018). In addition, the first
lineage differentiation occurs in the early blastocyst, in which blastomeres differentiated into inner
cell mass (ICM), and trophectoderm (TE). In the second lineage differentiation, the ICM further
differentiated into epiblast (EPI) and primitive endoderm (PrE).
1. Transcriptional machinery
The core promoter region usually spans from +40 to -40 relative to the transcription start
site (TSS, +1). The core promoter contains various essential motifs, including TATA box, initiator
elements (Inr), downstream promoter elements (DPE). The TATA box was the first identified
eukaryotic core promoter element, which has the consensus sequence TATAAR, representing the
binding site for the TATA-binding protein (TBP) subunit of the basal transcription factor TFIID
(Burley and Roeder, 1996). The Inr is probably the most widely used core promoter motif in
mammals, which encompasses the TSS (Vo ngoc et al., 2017a). It has been revealed that a majority
of mammalian TSSs is the canonical Y-1R+1 initiator, in which a purine base is anchored at +1
position and pyrimidine -1 position (Carninci et al., 2006; Nepal et al., 2020). The core promoters
with a strict adherence to the consensus sequence of TATA box are rare. Only 3.5% of focused
promoter in human genome have a perfect match TATA box, and even for the extremely loose
TATA-like sequence, WWWW, only 28% were observed (Vo ngoc et al., 2017b, a). In this case,
the binding elements for the specific transcription factors (SSTFs), which located immediately
upstream the core promoter immediate upstream promoter region (~50–80 nucleotides (nts)
upstream of the TSS) may be in lieu of a TATA-box, recruiting the transcription m and in conjugate
with an initiator to initiate the transcription. The SSTF + Inr core promoter is widely used in
mammals (Vo ngoc et al., 2017a). The basal transcriptional machinery for RNA polymerase II
(RNA pol II) is composed of basal transcription factors and RNA pol II. Since the RNA pol II is
not able to interact with core promoter directly, the basal transcription factors are required for the
recruitment of RNA pol II to the core promoter, assembling preinitiation complex (PIC). The
recruitment of RNA pol II switches the gene to a poised status, and the transcription will not initiate
until a second signal from enhancers, which requires the interaction between transcription factors
with their target motifs. For example, JY-1, a bovine oocyte-specific gene, contains 3 E-box
between 500 and 200 nts upstream of the TSS, which might have an essential function for the
transcription of JY-1 (Bettegowda et al., 2007).
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2. Translation and degradation of maternal mRNA at onset of MZT
Poly (A) tail is considered as a key regulator of both translation status and the stability of
mRNA. In conjugation with the 5’-cap, the poly (A) tail may determine if the mRNA is
translationally active and targeted for decay (Gallie, 1991). In general, the process of
deadenylation triggers translational repression and subsequent decay (Passmore and Coller, 2022).
The fully-grown GV oocytes contain abundant dormant transcripts, which have relative short poly
(A) tail (20 -40 nts). The poly (A) elongates to 80 -250 nts following oocyte maturation and the
dormant transcripts become translationally active (Sha et al., 2019). Various studies have been
conducted to elucidate the process of polyadenylation during oocyte maturation. The PAS and
CPE are two elements located in the 3’-UTR of responding mRNA. The PAS (AAUAAA) is a
well-studied element, which guides the process of mRNA-polyadenylation and is bound by cleave
and the cleavage and polyadenylation specificity factor (CPSF) (Akhtar et al., 2010). The CPE has
an inhibitory function on PAS, but the inhibitory effect can be eliminated by distance, > 35 -50 nts
(Dai et al., 2019). In the GV oocytes, the translation-active transcripts have at least one PAS
located relatively away from the inhibitory CPE, and the CPSF4 is recruited by PAS mediating
polyadenylation. The translation-dormant transcripts have PAS relatively close to CPE, which
inhibits PAS mediated polyadenylation (Dai et al., 2019). However, the CPEB1 is phosphorylated
and degraded by MAPK cascade, converting the inhibitory signal to stimulatory and activating
translation (Dai et al., 2019).
To avoid the over-translation of dormant maternal transcripts, the oocyte has a negative
regulatory loop to degrade maternal transcripts. The extracellular signal-regulated kinases 1 and 2
(ERK1/2), the MAPK cascade, phosphorylates CPEB1 at the early stage of meiotic resumption
(Sha et al., 2017) and activates the translation and accumulation of BTG4, the licensing factor of
MZT (Dai et al., 2019; Sha et al., 2019). The CCR4-NOT deadenylase is an important enzyme
complex involved in poly (A) tail shortening. The catalytic subunit of the complexes, CNOT6L
and CNOT7, are also activated following oocyte maturation. Since the CCR4-NOT complexes do
not contain an RNA-binding domain, the interaction between CCR4-NOT complexes between
mRNA requires RNA binding proteins (Sha et al., 2019). The interaction between CNOT6L and
Zinc finger protein 36-like 2 (ZFP36L2) allows the ZFP36L2 to locate CNOT6L to the A+U rich
element (ARE)-containing transcripts and trigger the degradation (Sha et al., 2019). The BTG4
interact with CNOT7 subunit of CCR4-NOT complexes, and serving as an adaptor protein,
19

recruiting mRNA to CCR4-NOT complexes through the interaction with the mRNA 5’-cap
binding protein, eIF4E, and poly (A)-binding proteins (PABPs) (Pasternak et al., 2016; Wu and
Dean, 2016; Sha et al., 2019). Actively translating mRNAs form closed loops in the cytoplasm
when the eIF4E containing 5’-cap-bound translation initiation complex interacts with PABPs, and
BTG4 trigger the mRNA-decay by locating the CCR4-NOT to the loop junction (Yu et al., 2016;
Sha et al., 2019). In non-mammalian oocyte, such as Drosophila and zebrafish, it was elucidated
that zygotic-derived miRNA is the key component that is involved in the degradation of maternal
transcripts, which are resistant to maternal degradation (Sha et al., 2019). The zebrafish zygoticderived miR-430 is required for the deadenylation and clearance of maternal mRNAs during early
embryogenesis (Giraldez Antonio J. et al., 2006). In mammals, the detailed zygotic-derived
mechanism associated with maternal transcripts remains investigated, but the observation of
maternal transcripts degradation post ZGA indicates the possibility of Z-decay (Sha et al., 2020).
3. Activation of oocyte growth within primordial follicles by PI3K signaling pathway
The process of primordial follicles activation is tightly controlled since primordial follicles
are served as reproductive reservation and determine female reproductive lifespan. Using mouse
as a model, it has been demonstrated that the phosphatidylinositol (3,4,5)-trisphosphate (PIP3)
level within oocytes awakes the activation of primordial follicles (Liu et al., 2006; Li et al., 2010;
Kawamura et al., 2013; Hsueh et al., 2015), which is regulated primarily by phosphoinositide 3kinase (PI3K) and phosphatase and tensin homologue (PTEN). The PI3K catalyzes the
phosphatidylinositol 4,5-bisphosphate (PIP2) to PIP3, while PIP3 is converted back to PIP2 by
PTEN. The elevated intra-oocyte level of PIP3 is essential for the activation oocytes. PIP3 binds
to the pleckstrin homology domain (PHD) of protein kinase B (AKT) and anchors it to the plasma
membrane followed by phosphorylation and activation of AKT by phosphoinositide-dependent
kinase 1 (PDK1) (Kim and Kurita, 2018). Forkhead box O3 (FOXO3) is one of the major substrates
targeted by ATK (Kim and Kurita, 2018). Once phosphorylated, FOXO3 is translocated from
nucleus to cytoplasm, and awakens oocyte growth (Nunes et al., 2015), which promotes the
production of GDF9 and BMP15, triggering the differentiation of follicular cells (Calounova et al.,
2010).
The PI3K is a downstream effector of KIT-KIT ligand (KL) signaling pathway (Nunes et
al., 2015). KL originates from the granulosa cells within the granulosa cells (Manova et al., 1990),
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while KIT is highly expressed in oocytes. KITL binds to KIT receptors in the oocyte, which
activates PI3K via a direct interaction with an SH2 domain on p85 regulatory subunit of PI3K
(Saatcioglu et al., 2016). Once binding to the ligand, the KIT tyrosine residue 719 undergoes
autophosphorylation, which is indispensable for activation of PI3K. Mutation of KIT tyrosine
residue 719 blocks the PI3K signaling pathway through preventing the interaction of KIT to p85
(Serve et al., 1994).
4. Genomic reprogramming and genomic imprinting
The epigenetic codes include DNA methylation, histone modification, chromatin
landscapes and regulatory RNAs (Bird, 2002; Kouzarides, 2007). The fusion of highly
differentiated male and female germ cells, forming a totipotent zygotic cell and give arise to
embryo requires a genomic-wide epigenetic reprogramming. The process of reprogramming erases
the maternal and paternal epigenetic code and establishes the zygotic epigenome. In sperm, the
majority of histones are replaced by protamine for the package and compact of genome, since the
sperm has high motility (Rathke et al., 2014). One of the earliest reprogramming events is the
switch of protamine to maternal-derived histone and forming the male pronuclei (Xia and Xie,
2020). Upon fertilization, the maternal splicing kinase SRPK1 phosphorylates protamine, which
opens the protamine-DNA condensates (Gou et al., 2020). The open structure enhances the
recruitment of nucleoplasmin for the removal of protamine and enables the histone variant H3.3
incorporation by its chaperone HIRA (Gou et al., 2020). In addition, it has been reported in both
mouse and humans that H1FOO, an oocyte-specific variant of linker histone 1 decondenses sperm
chromatin and replaces protamine (Gao et al., 2004; Mizusawa et al., 2010). The H1FOO is
replaced by somatic H1s at the two- or four-cell embryo stage in mouse (Gao et al., 2004). Prior
to the onset of DNA replication in zygote, a large number of paternal histone modifications are
removed (Burton and Torres-Padilla, 2014; Xu and Xie, 2018). Interestingly the histones, which
replace the protamine on the paternal genome, are already acetylated (Worrad et al., 1995).
Furthermore, the hyperacetylation with further acetylation of lysines 5 and 16 of H4 and lysines 9,
14, 18, and 27 of histone H3 on parental pronuclei is required for the embryonic proper
development (Adenot et al., 1997; Mason et al., 2012; Sepulveda-Rincon et al., 2016). Global
demethylation was also observed in both parental and maternal pronuclei. The parental pronuclei
employs an active demethylation process, in which the Tet methylcytosine dioxygenase 3 (TeT3)
mediates the oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) (Santos et
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al., 2013). In contrast, the maternal genome undergoes passive demethylation, in which the DNA
methylation is diluted via DNA replication. The maternal genome is protected by developmental
pluripotency-associated 3 (DPPA3) from the active demethylation (Denomme and Mann, 2013).
The maternal DPPA3 is essential to protect active demethylation, since zygotic-derived DPPA3
cannot rescue maternal DPPA3 defect and induce both maternal and parental genome
demethylation (Nakamura et al., 2007). The interaction between DPPA3 and H3K9me2-enriched
nucleosomes triggers a change in chromatin structure, reducing TET3 chromatin affinity and
thereby inhibiting 5mC conversion to 5hmC (Nakamura et al., 2012).
The 3D chromatin architecture is another aspect of epigenome, which plays an essential
role in gene expression. The rapid development of chromosome conformation capture-based Hi-C
methods allows the investigation of 3D chromatin architecture to be well elucidated (Tena and
Santos-Pereira, 2021). In general, three levels of 3D chromatin architecture are defined in three
levels: loops, topologically associating domains (TADs) and compartments (Vallot and Tachibana,
2020). Chromatin loops refers to a closer physical proximity between two stretches of genomic
sequences regardless of the intervening sequences (Kadauke and Blobel, 2009). The chromatin
loops could bridge the distal regulatory elements and their target promoters, which establish a close
proximity physically (Kadauke and Blobel, 2009). It has been demonstrated that DNA-binding
protein CCCTC-binding factor (CTCF) and 22tabiliz complex establish chromatin loops and
regulate gene expression in mammals (Pugacheva et al., 2020). The TADs, which are defined as
chromatin domains with high interaction frequency and relatively isolated from neighboring
regions (Tena and Santos-Pereira, 2021) appear to be the chromosomal secondary structure. The
TADs can be assembled as active compartment A or heterochromatic compartment B, which tend
to interact with themselves, respectively (Ke et al., 2017). The dynamic of 3D chromatin
architecture of post-fertilization embryos has been revealed: a highly weakened TADs and
compartmentation in zygote followed by re-establishment in later developmental stage reflecting
a permissive status of chromatin (Ke et al., 2017).
Genomic imprinting describes a phenomenon, in which the transcription of the gene is from
either maternal or paternal allele (Bartolomei, 2009). Defects of the transcriptional asymmetry can
induce imprinting disorder, including Prader–Willi and Angelman syndromes (Butler, 2020). The
regulation of imprinted genes is through a cis-regulatory element, termed imprinting control region
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(ICR). The repressive epigenetic modifications at imprinted region include DNA methylation,
trimethylation of histone 3 lysine 9 (H3K9me3) and histone 4 lysine 20 (H4K20me3), while the
active epigenetic modification include histone acetylation and histone 3 lysine 4 trimethylation
(H3K4me3) (Denomme and Mann, 2013). Among these, DNA methylation is the most wellstudied. In male, it has been demonstrated that the de novo methylation initiates prenatally in
mitotically arrested prospermatogonia and is completed after birth (Hajkova et al., 2002; Henckel
et al., 2012). In female, the acquisition of the methylation occurs in the growing oocytes, which
are undergoing the meiotic arrest. The CTCF-mediated insulator is one of the mechanisms
controlling the transcription of imprinted genes. For example, insulin-like growth factor 2 (Igf2)
and H19 genes are imprinted genes. Interestingly, the Igf2 is expression only from paternally
inherited allele, while H19 only expressed from the maternally inherited allele (Bartolomei et al.,
1991; DeChiara et al., 1991). An enhancer is shared by these two genes, there is an ICR located
between these two genes (Bell and Felsenfeld, 2000). Since the maternal inherited chromosome
contains the unmethylated ICR, the CTCF is recruited, blocking enhancer-driven expression of
Igf2 and inducing the expression of H19 in turn (Bell and Felsenfeld, 2000). However, in parental
inherited chromosome, the ICR is methylated, blocking the recruitment of CTCF and the enhancer
drives the expression of Igf2 instead. During the globe demethylation, the imprinted regions are
protected by DPPA3 through the identical mechanism as maternal genome (Denomme and Mann,
2013). To escape from passive demethylation, DNA methyltransferase 1 (DNMT1), which
preferentially recognizes and methylates hemimethylated DNA during each cell cycle, maintains
the imprinted status (Denomme and Mann, 2013). Ubiquitin-like with PHD and RING finger
domains 1 (UHRF1), which recognizes hemimethylated CG sites, play an important role in CG
maintenance methylation (Bostick Magnolia et al., 2007; Sharif et al., 2007). Maternal-derived
UHRF1 is required for nuclear localization of DNMT1 and maintenance of CG methylation,
especially at ICR during early developmental stage (Maenohara et al., 2017).
X chromosome inactivation is an epigenetic phenomenon, in which one of the X
chromosomes is silenced in the female mammalian cells to ensure the equal dosage of X
chromosome genes. The two X chromosome are randomly selected to induce the silence (Wutz
and Gribnau, 2007). The inactivation of X chromosome relies on a long non-coding RNA Xist. In
the selected inactivated X-chromosome, the Xist transcripts spread in cis from their site of
synthesis to coat the entire X chromosome and recruit a repressive protein complex responsible
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for inactivating X-chromosome (Brockdorff et al., 1992; Zhao et al., 2008). In addition, the
methylation of Histone 3 lysine 9 (H3K9) is enriched in murine inactivated X chromosome (Keniry
et al., 2016). Deletion of a H3K9 methyltransferase during the establishment of X inactivation
results in the failure to silence multiple genes on the inactive X and a specific X-linked longterminal repeat class repetitive elements, which might be involved in facilitating gene silencing
though modifying the conformation of entire inactive X chromosome (Keniry et al., 2016).
5. Zygotic genome activation
The first major surge in embryonic genome activation (EGA) during early development is
traditionally denoted as major ZGA wave, which is characterized by a global permissive chromatin
status and wide-spread transcription of embryonic genome. Interestingly, a low level of
transcription, termed as minor ZGA, occurs prior to major ZGA. Transient inhibition of minor
ZGA with 5, 6-dichloro-1-β-D-ribofuranosyl-benzimidazole (DRB) in mouse resulted in
developmental arrest mostly at the two-cell stage and minor ZGA genes are expressed following
releasing the inhibition (Abe et al., 2018). In addition, the similarity regarding transcriptome
between one-cell and late transiently inhibited late two-cell embryos indicates that the requirement
of minor ZGA prior to major ZGA (Abe et al., 2018). It has also been observed in mouse that the
3-D chromatin architecture is dispensable for the establishment of minor ZGA, which is highly
dependent on proximal promoters (Datta et al., 2015).
Mediator is a large multi-protein complex, which plays an essential role in regulation of
RNA polymerase II (RNA Pol II) transcription. The subunits of mediator are organized into three
modules: head, middle and tail (Conaway and Conaway, 2013) and a central highly conserved
MED14 subunit served as a backbone connecting the mediator head, middle and tail (Soutourina,
2018). In addition to the three modules and the central MED14, a kinase domain, which is
dissociable from mediator complex is also indispensable for the function of mediator (Miao et al.,
2018; Friedson and Cooper, 2021). The kinase module (CKM) contains four protein subunits:
MED13, MED12, cyclin C, and cyclin-dependent kinase 8 (CDK8). Interestingly, three subunits
of mammalian CKM (MED13, MED12, and CDK8) have their paralogous proteins (MED12L,
MED13L and CDK19) without evidence indicating complete functional redundancy (Daniels et
al., 2013). It has been thought that mediator served as a dynamic bridge between enhancer and
core promoter, in which CKM is recruited via mediator to the enhancer and dissociates from
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mediator to permit association with RNA Pol II and PIC (Petrenko et al., 2016). Through the
interaction with other subunits, MED12 and MED13 tether the CKM to the core mediator complex
(Clark et al., 2015). It has been elucidated that MED13 is indispensable for the ZGA in mouse,
since defect of MED13 causes 2-C stage arrest during preimplantation embryonic development
(Miao et al., 2018). The role of MED13 during ZGA can be partially mediated by the interaction
with E2F transcription factors, which regulating the expression of genes involved in establishing
embryo-specific chromatin remodeling complex, esBAF (Miao et al., 2018).
6. Cell lineage differentiation
Even though the embryos undergo a series of cellular and epigenetic changes during early
stage, the first visible morphological change occurs when the blastomeres become polarity, which
drives the first lineage differentiation (Rossant, 2018). There are two lineage differentiations in
preimplantation embryos. The totipotent blastomeres first differentiates into inner cell mass (ICM)
and trophectoderm (TE), while the ICM subsequently diverges into the pluripotent epiblast (EPI)
and primitive endoderm (PrE). The EPI is going to give rise to the embryo proper, while TE and
PrE are going to become extraembryonic structure, which supports the growth of embryos.
Starting around 8-cell stage in mouse, 8- to 16-cell stage in human and 32-cell stage in cow
(Soom et al., 1997), the embryo undergoes compaction, a process in which cell-to-cell adhesion
increases and the cell boundaries become less evident. Coincided with the occurrence of
compaction, the outer blastomeres acquire apical-basal polarity, while the inner cells maintain
apolar. It has been demonstrated that Hippo signaling pathway plays an essential role in
determining cell fate. The core components of mammalian Hippo signaling pathway in
preimplantation embryo include: the kinase Lats1/2 and its coactivator Mob1 a/b, the transcription
coactivator Yap1 and TAZ, as well as transcription factors Tead1-4 (Ma et al., 2019). The essential
step of Hippo signaling pathway in determining cell fate is the localization of Yap1 and TAZ.
Once Hippo signaling pathway is activated, phosphorylation of Yap1 and TAZ by Lats1/2 prevents
them from entering nucleus and thus blocking the target gene transcription (Zhao et al., 2007,
2010). The connection between Hippo signaling pathway and cell fate determination is Tead
transcription factors (Yagi et al., 2007; Nishioka et al., 2008, 2009). The expression of Cdx2, the
TE-specific transcription factor, is dependent on Tead4. In the outer cells, the inactivation of Hippo
signaling pathway permits the accumulation of Yap1 and TAZ in nucleus, which activates the
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Tead4-dependent Cdx2 transcription (Nishioka et al., 2009), which maintains repression of
pluripotent genes such as Oct4 and Nanog in TE (Huang et al., 2017).
Activation of Hippo signaling pathway relies on a combination of cell-cell adhesion and
cell polarization. Par-aPKC (atypical protein kinase C) is an evolutionary conserved system, which
controls cellular polarity (Hong, 2018). The disruption of Par-aPKC in mouse zygote causes the
failure of TE differentiation and accumulation of phosphorylated Yap1 in cytoplasm (Alarcon,
2010; Hirate et al., 2013). In addition, dissociation of embryos blocked the activation of Hippo
signaling pathway, indicating the dependence of Hippo signaling pathway on cell-cell adhesion
(Hirate et al., 2013) and polarity inhibit cell-cell adhesion mediated Hippo signaling pathway
activation. The intercellular homophilic dimerization of E-cadherins directly regulates Hippo
signaling pathway through angiomotin (Amot), the junction-associated Hippo pathway component
(Kim et al., 2011). In preimplantation embryo, Amot and angiomotin like 2 (Amotl2) are expressed
and play the major and supplemental role, respectively (Hirate et al., 2013). Through Nf2dependent interaction with E-cadherin-α/β-catenin complex, Amot is located at the adheres
junctions (Ajs) in the inner cells (Hirate et al., 2013). In addition, the phosphorylation of Amot by
Lats1/2 stabilizes the Amot-Lats interaction (Sasaki, 2015), inhibits the actin-binding activity of
Amot (Hirate et al., 2013), and serves as a molecular switch to turn on Hippo signaling pathway.
However, the Amot is sequestered by cellular polarity factors from Ajs and restricted to apical to
region thus attenuating E-cadherin-mediated Hippo signaling in the outer cells (Hirate and Sasaki,
2014). And non-phosphorylated apical Amot forms an inactive complex with Nf2 and Lats1/2, in
which the activity of Lats1/2 is suppressed by binding to F-actin (Hirate and Sasaki, 2014).
In addition to Hippo signaling pathway, other regulators involved in cell lineage
differentiation are also identified. The activation of Notch signaling occurs from 4-cell stage
embryos in mouse and exclusively in TE, indicating a potential regulatory role on first lineage
specification (Rayon et al., 2014). In addition, four binding sites for RBPJ, the downstream
transcription factor of Notch-signaling pathway, in a TE-specific enhancer controlling Cdx2
expression were identified (Rayon et al., 2014). Furthermore, using the heterozygous Tead4+/mouse containing homozygous Rbpj-/- allele as a model it was indicated that Notch and Hippo
signaling pathway regulate TE specification cooperatively (Rayon et al., 2014). Transcription
factor TFAP2C is another factor, which regulates lineage differentiation in preimplantation
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embryos. The expression analysis reveals that Tcfap2c is initially widely expressed in embryo
followed by enriched in TE and downregulated in ICM (Choi et al., 2012). Functional analysis
indicated that Tcfap2 is involved in genes regulating tight junction (TJs) biosynthesis, and
transition from morula to blastocyst (Choi et al., 2012). In addition, Tcfap2c binds to an intrinsic
enhancer, which is indispensable for the expression of Cdx2 during early stage (Cao et al., 2015).
Furthermore, Tcfap2c represses Hippo signaling pathway in outer cells via the transcriptional
regulation of Pard6b, a key component of Par-cPKC system and Rho-associated protein kinase
(ROCK), which promotes TE differentiation vis Hippo signaling pathway (Cao et al., 2015).
KRAB-CONTAINING C2H2 ZINC FINGER PROTEIN
C2H2 zinc fingers (Cys2-His2), which contains highly conserved two cysteine and two
histidine residues, represent one of the largest protein superfamilies in higher eukaryotic organisms
(Fedotova et al., 2017). In particular, the C2H2-ZFPs dominate around 53% of the transcription
factor repertoire of the mammalian genome (Vaquerizas et al., 2009). In general, the sequence of
each finger is defined by the consensus Φ-X-Cys-X(2-4)-Cys-X3-Φ-X5-Φ-X2-His-X(3-4)-His, in
which X represents any amino acid and Φ represents a hydrophobic residue (Klug A and Schwabe
JW, 1995). In addition, a left-handed ββα-module, which is composed of two anti-paralleled βsheets followed by an α-helix is observed in the tertiary structure of every single zinc finger motif
(Klug A and Schwabe JW, 1995). The two cysteine and two histidine residues tetrahedrally
coordinate with the zinc ion and protrude the peptide into a finger-like motif (Fedotova et al.,
2017). The individual “finger” is arranged into a tandem cluster and forming a zinc finger domain,
which interacts with DNA (Klug A, 2010). The α-helix within each finger contact with the major
groove of DNA double helix. Specifically, the amino acid residues located at position -1, +3, and
+6 of the α-helix recognize three successive bases on the forward strand, while the amino acid
located +2 position recognizes a nucleotide in the reverse strand (Fedotova et al., 2017). The
variation of the key amino acid as well as the number of motifs allows the variation of the target
of C2H2-ZNFs. Approximately more than one third of C2H2-ZFPs contain the highly conserved
Krüppel-associated Box (KRAB) domain (Urrutia, 2003). The KRAB domain is made up of 75
amino acid residues and might be divided into two subdomains: KRAB A and KRAB B, which
are encoded by separate exons (Fedotova et al., 2017). The alternative splicing generates either
KRAB A transcripts or KRAB A+B transcripts (Looman et al., 2002). KRAB A is considered as a
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weak repressive domain, since KRAB A domain is sufficient to repress transcription (Margolin et
al., 1994). However, the repressive activity is enhanced when KRAB B is present (Looman et al.,
2002). Genomic analysis indicated that three types of KRAB-ZFPs in human and mouse genomes:
KRAB A containing ZFPs, KRAB A + classic KRAB B containing ZFPs and KRAB A + divergent
KRAB b containing ZFPs (Looman et al., 2002). Even though there is a high abundance of KRABcontaining C2H2-ZFPs, they are still poorly understood.
1. KRAB-C2H2-ZFPs interact with KAP1 corepressor
KAP1 (KRAB-associated protein 1, also known as TRIM28), which belongs to TIF1
(transcription intermediary factor) family, interacts with KRAB-containing zinc finger proteins as
corepressor (Friedman et al., 1996). The architecture of TIF1 family members are highly
conserved, including an N-terminal triparitite motif (TRIM), which contains an RBCC (RING
(really interesting new gene) finger, two B-box zinc fingers, and a coiled-coil) domain, a central
TIF1 signature sequence (TSS) domain consisted of a 25-amino acid tryptophan- and
phenylalanine-rich sequence, as well as a C-terminal combination plant homeodomain (PHD) and
bromodomain (PD domain) (Friedman et al., 1996; Iyengar and Farnham, 2011). Compared to
most TIF1 family members, KAP1 contains a unique HP1 (heterochromatin protein 1)-binding
domain (Iyengar and Farnham, 2011). The N-terminal RBCC domain, which stretches from amino
acids 20 to 377, is required for the interaction between KAP1 and KRAB domain (Iyengar and
Farnham, 2011). It has been reported that all three subdomains of RBCC contribute to the
interaction between KAP1 and KRAB domain (Peng et al., 2002). In general, the KAP1-RBCC
forms a homotrimer and binds to a single KRAB domain (Iyengar and Farnham, 2011).
Interestingly, even though RBCC domain is highly conserved in TIF1 family, only KAP1 can
interact with KRAB domain of KRAB-ZNF (Peng et al., 2002). The HP1-biding domain, which
is located between amino acids 486 and 497, contains a consensus PxVxL motif (Lechner et al.,
2000). The HP-1 family proteins are adaptor molecules, which serve as platform tether different
proteins in multiprotein complexes through protein-protein interactions (Thiru et al., 2004). In
addition, it has been revealed that most of HP-1 family members’ partner proteins contain a PxVxL
motif (Thiru et al., 2004). Multiple studies have elucidated the requirement of the interaction
between KAP1 and chromo-shadow domain of HP1 family to repress target genes (Nielsen et al.,
1999; Iyengar and Farnham, 2011). The C-terminal PB domain is located between amino acids
618 and 835 and both subdomains are required and function cooperatively to allow KAP1 to reach
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the maximum repressive activity (Iyengar and Farnham, 2011). The PB domain can specifically
recognize histone tail and recruit histone modifiers to silence genes (Cheng et al., 2014).
The identification of multiple repressive domains indicates that KAP1 contains an intrinsic
repressive capability. However, the KAP1 misses a DNA interaction motif, which is required for
silencing genes. Most C2H2-ZFPs contain a conserved KRAB, which interacts with RBCC
domain of KAP1. The zinc finger domain is a well-known DNA-interaction domain. The variation
of essential amino acids interacting with genome and the numbers of “finger” allows each zinc
finger domain to have its own target(s). For example, ZFP57 specifically recognizes a
hexanucleotide TGCCGC motif, which contains methylated CpG island (Quenneville et al., 2011).
Through interaction with KRAB containing C2H2-ZFPs, the KAP1 protein is recruited to the
genome and served as a scaffold protein, recruiting the repressive complexes. The interaction with
HP1 is indispensable for KAP1 to regulate chromatin status (Lechner et al., 2000) and silence
genes (Chang et al., 2008). The HP-1 protein contains an N-terminal chromo domain (CD) and a
C-terminal chromo shadow domain (CDS). Interaction between KAP1 and HP-1 is mediated by
CDS recognizing the PxVxL-motif containing HP-1 binding domain. The N-terminal CD of HP1 can bind to methylated H3K9, which is required for gene repression (Lomberk et al., 2006). The
H3K9 methylation is a central epigenetic marker, which defines heterochromatin (Montavon et al.,
2021). The cells, which lose H3K9 methylation completely, fail to maintain heterochromatin
organization (Montavon et al., 2021). The methylation of H3K9 is mediated by Set domain
bifurcated 1 (SETDB1), which is recruited by auto-SUMOylated C-terminal PD domain of KAP1
(Ivanov et al., 2007). In addition to repressive complexes targeting chromatins or histones, KAP1
can also recruit DNA methyltransferase (DMNT). For example, ZFP57-KAP1 recruits DMNT1,
the main maintenance DNA methyltransferase to maintain the imprinting status (Zuo et al., 2012).
Maternal KAP1 plays an essential role in the protection from passive demethylation, which is
essential for the maintenance of genomic imprinting. Deficiency of maternal KAP1 caused the loss
of H19 imprinted methylation, which cannot be rescued by embryonic transcription of KAP1
(Denomme and Mann, 2013).
2. SCAN-containing zinc finger transcription factor
SCAN (SRE-ZBP, Ctfin51, AW-1, and Number 18) domain, a highly conserved 84-amino
acid residue motif, was first identified in ZNF174 (Williams et al., 1995) and highly abundant in
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the N-terminal of C2H2-ZFPs. Unlike KRAB domain, SCAN domain does not contain the intrinsic
repressive activity but function as a protein function motif instead, mediating self-association or
heterodimer formation via interaction with other proteins containing SCAN domain (Edelstein and
Collins, 2005). Interestingly, the variation in the relative affinity difference does exist among
SCAN-containing proteins (Edelstein and Collins, 2005): not all SCAN-containing ZFPs form
homodimers and the interaction between different proteins is selective. Even though SCAN
domain does not contain a direct inhibitory effect on transcription, it may inhibit the repressive
effect of KRAB-containing ZFPs. For instance, SCAND1, which contains only SCAN domain but
not zinc finger motif, might enhance or reverse repressive effect of ZNF202 (Sander and Morris,
2002).
3. KRAB-ZFPs and transposable elements
For a pretty long period, transposable elements (TEs) had been considered as purely self
or junk DNA (Doolittle and Sapienza, 1980), which are mobile and cause threats to the host
genome in need of strictly repressed. Most of the TEs in human or mouse genomes are
retroelements, which spread via a copy-and-paste mechanism using the RNA intermediate. The
retroelements includes endogenous retrovirues (ERVs) [long terminal repeat (LTR)
retrotransposons] or non-LTR [long interspersed nuclear element (LINE), and short interspersed
nuclear element (SINE)]. The TEs might bear promoters, enhancers, suppressors, insulators,
splicing sites and even transcriptional stop signals (Ecco et al., 2017). Thus, they may disrupt
genes via alternative splicing, truncating an exon or modify gene expressions through providing
alternative promoters, enhancers (Ecco et al., 2017). In addition, TEs might alter a large part of
genome through deletions, duplications, rearrangements or translocations due to their highly
repetitive nature or providing insulators (Ecco et al., 2017). There are known associations between
retroelements and disorders. For example, the insertional mutations of primate specific Alu SINE
into the BRCA1 and BRCA2 genes is a known cause of breast cancer (Miki et al., 1996; Puget et
al., 1999).
During ZGA, the embryos undergo a reprogramming process, which leads to an open
chromatin and remodel of DNA methylation and heterochromatic marks, like H3K9me3 and
induces the activation of various retrotranselements (Low et al., 2021). It has been reported that
retrotranselements may have multiple functions during preimplantation development. For example,
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MuERVL elements are co-opted as alternative promoters, which drive the expression of
preimplantation-specific genes (Kruse et al., 2019). Interestingly, a considerable proportion of
upregulated genes in 2C-like mESC contains a MT2_mm elements, the LTR portion of MuERVL
(Rodriguez-Terrones et al., 2018). In addition, MuERVL element is also highly involved in
establishing 3d-chromatin structure locally and globally (Kruse et al., 2019).
As the largest transcription factor family in mammalian genome, the function of KRABC2H2-ZFPs remain poorly elucidated. However, identification of KAP1 in the repressive
machinery of TE during early embryonic development revealed the potential effects of KRABcontaining C2H2-ZFPs on this aspect (Ecco et al., 2017). A large portion of evolutionary young
KRAB-ZFPs have been revealed to play an essential role in protecting mammalian genome from
the infectious retroviruses, their endogenous counterparts and nonretroviral retrotranselements
(Castro-Diaz et al., 2014; Jacobs et al., 2014; Turelli et al., 2014; Najafabadi et al., 2015; Wolf et
al., 2015). The mutation in key amino acids, recognizing DNA or number of fingers allows the
KRAB-C2H2-ZFPs to undergo a rapid co-evolution with retroelements, leading to the proposition
of arm race model. The arm race model refers to the dynamic competitional evolution between
retrotranselements and KRAB-C2H2-ZFPs. The newly invaded retrotranselement is initially
silenced by small RNA until the selection of KRAB-ZFPs sequentially capable of recognizing the
retroelements for its repression. With the retrotranselements mutating away from the existing
KRAB-C2H2-ZFPs, the pool of existing KRAB-C2H2-ZFPs is going to evolves the proteins with
novel zinc finger arrays to recognized and repress the renegade retrotranselements (Imbeault and
Trono, 2014). However, a growing number of evidences suggest that the arms-race model is too
simplistic, which leads to a domestication model to be proposed. The domestication model
indicates the co-option aspect of retrotranselements. The invading of retrotranselements serves as
a scaffold recruiting KRAB-C2H2-ZFPs repressive complexes and silence the downstream region
since the heterochromatin induced by KRAB-C2H2-ZFPs may spread long distance. Depending
on the cell type or differentiation status, the retrotranselement-mediated gene silencing may be
maintained. For example, ZNF417 and ZNF587 not only repress human endogenous retrovirus K
(HERVK) in the embryonic stem cells, but also expressed in specific regions of the human
developing and adult brains maintaining the control of HERVK secondarily influencing the
differentiation and neurotransmission profile of neurons and preventing the induction of
neurotoxic retroviral proteins and an interferon-like response (Turelli et al., 2020).
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The progressive cellular events during the early embryonic development such as
degradation of maternal transcripts, epigenetic reprogramming and activation of embryonic
genome, require precise regulatory networks. Various maternal transcription factors or epigenetic
factors are involved in the process. Even though the KRAB-containing C2H2 zinc finger proteins
represent the largest transcription factor group in mammalian genome, the functions of them
remain elusive, especially on the aspect of early embryonic development. Our laboratory
previously identified a novel transcription factor, ZNFO, which is expressed exclusively in bovine
oocyte and early embryos. It has been revealed that ZNFO is indispensable for early embryonic
development in cows. However, the regulatory mechanism upstream ZNFO or downstream ZNFO
remained elusive. Compared to laboratory species, mouse, for example, livestock species are
closer to humans regarding early embryonic development regulation. ZIM2 is expressed in humans,
mouse and bovine testis. Interestingly, only bovine and human ZIM2 maintain protein coding
capability. In addition, consistent with human ZIM2 expression profile, our RNA-seq database
revealed that bovine ZIM2 is highly abundant in bovine oocyte.
The objectives of our investigation were two-fold: 1) to examine the regulatory mechanism
upstream and downstream of ZNFO and 2) to elucidate bovine ZIM2 during early developmental
stage, as it may be essential for understanding the ZIM2 function in human early developmental
stage.
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ABSTRACT
ZNFO is a Krüppel-associated box (KRAB) containing zinc finger transcription factor, which is
exclusively expressed in bovine oocytes. Previous studies have demonstrated that ZNFO possesses
an intrinsic transcriptional repressive activity and is essential for early embryonic development in
cattle. However, the mechanism(s) regulating ZNFO transcription remains elusive. In the present
study, the transcription start site (TSS) of ZNFO gene was identified by 5’RACE. A 1.7 kb 5’
regulatory region of ZNFO gene was cloned into a luciferase reporter vector, and the promoter
activity of the putative promoter was confirmed by a luciferase reporter assay. A series of 5’
deletion in the putative ZNFO promoter followed by luciferase reporter assays indicated that the
core promoter region has to include the sequence located within 57 bp to 31 bp upstream of the
TSS.

Bioinformatics

analysis

indicated

that

a

putative

USF1/USF2

binding

site

(GGTCACGTGACC) containing an E-box motif (CACGTG) is located within the essential region.
Depletion of USF1/USF2 by RNAi and E-box mutation analysis demonstrated that the
USF1/USF2 binding site is required for the basal transcription of ZNFO. Furthermore, EMSA and
super-shift assays indicated that the observed effects were dependent on the specific interactions
between USF proteins and the ZNFO core promoter. From these results we conclude that USF1
and USF2 are essential for the basal transcription of ZNFO.
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INTRODUCTION
Oocyte quality is a critical component contributing to pregnancy success in both human
and livestock animals. A growing number of research involving assisted reproductive technology
(ART) clarified that increased maternal age can impact ART success rate negatively (Toner et al.,
2002; Gleicher et al., 2007; Spandorfer et al., 2007), suggesting a close link between poor oocyte
quality and ovarian-aging. Specifically, numerous studies have demonstrated that oocyte quality
has an essential role on early embryonic development in different species. The majority of embryo
mortality occurs during early developmental stages in various species, including dairy cows
(Sartori et al., 2009), human (Wilcox et al., 1988) and horses (Ginther et al., 1985), primarily due
to poor oocyte quality. Maternal effect genes are key components of oocyte quality. Because of
the transcriptional silence in early stages, it is the maternal factors accumulated during
folliculogenesis and oogenesis that orchestrate key developmental events such as maternal-toembryonic transition (MET) before the activation of embryonic genome. Over the last decades, a
growing number of maternal effect genes have been identified and found to be critical for early
embryonic development. For example, bovine NOBOX is a maternal-derived transcription factor,
which is essential for early embryonic development. RNAi-mediated knockdown of NOBOX
reduced not only the blastocyst rate significantly but also the expression of pluripotency genes
(POU5F1/OCT4 and NANOG) and the number of inner cell mass cells in embryos that reached
the blastocyst stage (Tripurani et al., 2011). Importin α8 (KPNA7), a member of the importin α
family, is another maternally derived factor essential for early embryonic development.
Knockdown of KPNA7 during early embryonic development blocks the embryo from developing
to the blastocyst stage (Tejomurtula et al., 2009). The interaction between KPNA7 and NPM2, a
key chromatin remodeling factor, suggests that KPNA7 may have an important role in the nuclear
transport of key oocyte-specific nuclear proteins during early development (Tejomurtula et al.,
2009). Similarly, Sirena1 is a maternal-derived long noncoding (lnc) RNA gene in mouse. The
oocyte-specific expression pattern of Sirena1 is regulated by a maternal transcription network
composed of Nobox, Figla and Lhx8 (Ganesh et al., 2020). Interestingly, the loss of Sirenal1 does
not affect oocyte maturation nor developmental competency but affects mitochondrial gene
expression as well as mitochondrial distribution (Ganesh et al., 2020).
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Upstream stimulatory factors (USF) 1 and 2 are members of the highly conserved basichelix-loop-helix-leucine zipper (bHLH-LZ) transcription factor family (Atchley and Fitch, 1997).
The bHLH-LZ domains located in the carboxyl terminus of USF1 and USF2 are highly conserved
and can direct the formation of USF homodimers or heterodimers, which can interact with similar
cis-elements. Specifically, the basic region is involved in DNA interaction with the E-box
consensus sites (CANNTG) (Baxevanis and Vinson, 1993). The dimerization occurs between the
HLH domain, while the contiguous LZ domain additionally regulates this process (Massari and
Murre, 2000). The USF-specific region (USR), which is located immediately upstream of the basic
region is highly conserved between USF1 and USF2. It has been revealed that both the basic region
and the USR are involved in nuclear localization (Luo and Sawadogo, 1996). In addition, the USR
is a context-dependent transcription activation domain (Luo and Sawadogo, 1996). In human
HepG2 hepatoma cells, whole genome ChIP-chip analysis revealed that USF1/USF2
predominantly bind to CACGTGAC cis-element (Rada-Iglesias et al., 2008). Furthermore,
methylation of the CpG sequence within the consensus sequence decreases the binding affinity of
USF1/USF2 transcription factors and blocks Fshr transcription (Griswold and Kim, 2001). The Ebox has been identified as an essential regulatory cis-element in various maternal effect genes that
orchestrate oogenesis and early development. For example, zona pellucida (ZP) is a specialized
extracellular matrix surrounding the developing oocyte and is required for fertilization. ZP proteins
encoded by ZP genes (ZP1, ZP2, and ZP3) are major components of zona pellucida. The
transcription of ZP genes can be regulated by factor in the germline alpha (Figla), a helix-loophelix transcription factor through the interaction with the E-box located in the promoter region of
ZP genes (Liang et al., 1997). Growth differentiation factor 9 (GDF9) is an essential oocytederived factor, which regulates ovarian function (Kenneth P McNatty et al., 2005). The perfectly
conserved E-box, CACGTGAC, in the GDF9 promoter region is demonstrated to be responsible
for the oocyte-specific expression of GDF9 (Yan et al., 2006). In addition, knockdown of USF1
in bovine GV oocyte can abrogate GDF9 transcription and significantly reduce the blastocyst rate,
indicating a potential USF1-dependent regulation of GDF9 transcription in bovine oocytes and
requirement of USF1 for regulating essential maternal genes for oocyte competency (Datta et al.,
2015).
Previous studies in our laboratory identified a novel transcript that matches an
uncharacterized Krüppel-associated box domain (KRAB)-containing zinc finger gene named
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ZNFO (Hand et al., 2017). ZNFO is a maternal effect gene, and it is expressed exclusively in
bovine oocyte and early-stage embryos (Hand et al., 2017). As a transcriptional repressor, ZNFO
is required for bovine early embryonic development before the activation of embryonic genome
(Hand et al., 2017). However, the molecular mechanisms regulating ZNFO expression remain
elusive. In the present study, we identified the transcription start site (TSS) and determined the
core promoter region of ZNFO. Furthermore, we demonstrated that USF1/USF2 activates the basal
transcription of ZNFO through interaction with the USF1/USF2 binding site.
MATERIALS AND METHODS
Cell Culture
The human embryonic kidney (HEK) 293 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Sigma) supplemented with 100 units/ml penicillin, 100 mg/ml
streptomycin (MP) and 10% (v/v) fetal bovine serum (FBS, Gibco) in a humidified 5% CO2
incubator at 37 °C.
Oocyte Collection
Bovine ovaries were obtained from a local abattoir and the cumulus-oocyte complexes
(COCs) were aspirated from 2-7 mm antral follicles. The germinal vesicle (GV) stage oocytes
enclosed by a minimum of three compact layers of cumulus cells and containing homogenous
cytoplasm were collected. The cumulus cells were stripped by vortexing for 5 min in Boviplus
oocyte washing medium (Minitube) containing 0.1% hyaluronidase (Sigma).
Quantitative Real-time PCR (RT-qPCR)
Total RNA from HEK293 cells treated with siRNAs was isolated using the RNAqueousMicro kit (Life Technologies) according to the manufacturer’s instruction followed by DNase I
treatment. cDNA was synthesized using the High-Capacity cDNA Reverse Transcription kit
(Applied Biosystems) according to the manufacture’s instruction. Briefly, 500 ng of RNA was
added to the reverse transcription mix followed by incubation for 2 hours at 37 °C. RT-qPCR was
performed using the SYBR Green Master Mix (Applied Biosystem) in the CFX96 Real-Time PCR
system (Bio-Rad). RPL19 was used as an endogenous control for normalization of gene expression.
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Quantification of transcript abundance was performed using the comparative threshold cycle (Ct)
method. The RT-qPCR primers are listed in Table 1.
5’-Rapid Amplification of cDNA Ends (RACE) Analysis
Total RNA from 100 GV oocytes was extracted, and DNase treated using the RNAqueousMicro kit (Life Technologies) according to the manufacturer’s instruction. 5’RACE was
performed using the 5’/3’ RACE kit 2nd Generation (Roche) according to the manufacturer’s
instruction. Briefly, two specific antisense primers (Table 1) were designed for cDNA synthesis
and PCR amplification of the 5’end of ZNFO transcript. First strand cDNA synthesis was
performed using ZNFO-5RACE-R1 in a 20-µl reaction containing deoxynucleotide (dNTP) mix
and Transcriptor reverse transcriptase. The product was purified using the High Pure PCR Product
Purification kit (Roche) followed by poly(A) tailing in a 25-µl reaction containing dATP and
terminal transferase. The dA-tailed cDNA was used as a template for PCR amplification using
ZNFO-5RACE-R2 and oligo (dT)-anchor primer. The PCR product was cloned into the pGEM-T
easy vector (Promega) for Sanger sequencing, which was performed by the WVU Genomics Core
Facility.
Plasmid Construction
To overexpress bovine USF1 and USF2 in HEK293 cells, the open reading frames (ORF)
of bovine USF1 and USF2 were amplified by PCR from a fetal ovary cDNA using the HighFidelity DNA polymerase (Thermo Fisher Scientific) and cloned into the pcDNA 3.1 vector
(Invitrogen) with a HA tag and a FLAG tag, respectively. The constructs are named pcDNA 3.1bUSF1-HA and pcDNA 3.1-bUSF2-FLAG, respectively. Both constructs contain a Kozak
sequence for optimal expression in mammalian cells. The PCR primers are listed in Table 1. For
serial deletion analysis of the ZNFO promoter, 9 promoter deletion fragments were PCR amplified
using different forward primers (-1665, -1407, -1149, -891, -633, -375, -117, -57 and -31) and a
common reverse primer (+36) (Table 1). All fragments were cloned into the promoter-less
luciferase reporter vector pGL4.14 (Promega). The constructs were named ZNFO-promoter 1,
ZNFO-promoter 2, ZNFO-promoter 3, ZNFO-promoter 4, ZNFO-promoter 5, ZNFO-promoter 6,
ZNFO-promoter 7, ZNFO-promoter 8 and ZNFO-promoter 9. In addition, an E-box mutation
primer (Table 1) was designed to generate the ZNFO-promoter 8 E-box mutant construct. All
plasmid constructs were verified by DNA sequencing.
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Western Blot Analysis
HEK293 cells (6×105/well) were placed in a 6-well plate. One µg of pcDNA3.1-bUSF1HA or pcDNA3.1-bUSF2-FLAG plasmid was transfected into the cells using X-tremeGENE 9
DNA transfection reagent (Roches) following the plasmid to transfection reagent ratio of 1:3. After
48 h, the cells were collected and lysed in the RIPA buffer (Invitrogen). The protein lysate samples
were separated on a 4-20% gradient ready gel (Bio-Rad), and the electrophoresis was run in 1 ×
Tris/Glycine/SDS running buffer for 1 h. The proteins were transferred onto an Immun-Blot PVDF
membrane (Bio-Rad) in 1 × transfer buffer (Tris/Glycine/SDS/methanol) for 1 h followed by
blocking in 5% nonfat dry milk in PBS containing 0.1% Tween-20 (PBST) for 2 h. The membrane
was incubated in the blocking buffer containing 1:1000 diluted monoclonal anti-HA or anti-FLAG
antibody overnight (Sigma). Following three washes with PBST, the membrane was incubated
with the IRDye 680LT goat anti-mouse IgG antibody (Li-COR) for 2 hours at room temperature.
The membrane was scanned using the Odyssey imaging system (Li-COR) to detect the proteins.
Luciferase Reporter Assay
HEK293 cells (2.5×104/well) were plated in a 96-well plate. Fifty ng of ZNFO promoter
construct(s) and 5 ng of pRL-TK (Promega) plasmid were co-transfected into the HEK293 cells
using X-tremeGENE 9 (Roches) following the plasmid to transfection reagent ratio of 1:3. For cotransfection of the plasmid with siRNA, the Lipofectamine 3000 transfection reagent (Invitrogen)
was used. After 48 h, the luciferase reactions were carried out using the Dual Glo Luciferase Assay
system (Promega) according to the manufacturer’s instructions. The luminescence was measured
using the SYNERGY H1 microplate reader (BioTek). The relative luciferase activity was
calculated as the firefly luciferase activity divided by the Renilla luciferase activity. All
experiments were repeated in triplicate.
RNAi-mediated Knockdown of USF1 and USF2
Knockdown of endogenous USF1 and/or USF2 in the HEK293 cells was performed via
transfection with the human USF1 and USF2 small interfering RNA (siRNA) either respectively
or combined using Lipofectamine 3000 transfection reagent (Invitrogen) according to the
manufacturer’s

instruction.

The

Dicer-substrate

siRNAs

(DsiRNA)

targeting

USF1

(hs.Ri.USF1.13.1) and USF2 (hs.Ri.USF2.13.1) were obtained from the Integrated DNA
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Technologies (IDT). The Scrambled Negative Control DsiRNA (IDT) was used as a negative
control. Three pmoles of each siRNA were transfected into each well of cells in a 96-well plate.
Forty-eight h post-transfection, the efficacy of siRNA knockdown was determined by RT-qPCR.
Electrophoretic Mobility Shift Assay (EMSA)
The HEK293 cells overexpressing bovine USF1 and/or USF2 were obtained by
transfection with the pcDNA3.1-bUSF1-HA and pcDNA3.1-bUSF2-FLAG expression constructs
either individually or simultaneously. The cells were harvested 48 h post-transfection followed by
nuclear extraction using the NE-PER Nuclear and Cytoplasmic Extraction Reagent (Thermo Fisher
Scientific). A sense and an antisense oligonucleotide labeled with IRDye 700 (Table 1) were
obtained from the Integrated DNA Technologies (IDT). The EMSA probe was prepared by
annealing of both oligonucleotides in the GoTaq Reaction buffer (Promega) using a “-1°C/cycle”
program, which initiates with a 5-min incubation at 95 °C followed by decreasing one degree per
cycle until the samples reach 25 °C. To perform the near-infrared fluorescent EMSA, 20 pmole of
probe was incubated with the USF1-HA, USF2-FLAG or USF1-HA/USF2-FLAG co-expressed
nuclear extracts in a binding buffer containing 10 mM Tris-HCl (pH =7.5), 2.5 mM DTT, 0.25 %
Tween-20, 2.5 % glycerol, 50 ng/µl polydI-dG, 1 µg/µl BSA, 0.05 % NP-40, 50 µM KCl at 23 °C
for 20 min. In the super-shift assay, 1 µg of monoclonal anti-HA or anti-FLAG antibody (Sigma)
was added to the reactions followed by 20-min incubation at room temperature. The mixtures were
subjected to electrophoresis on a 5 % Mini-PROTEAN TBE precast gel (Bio-Rad) in 0.5 × TBE
buffer. The gel was analyzed using the Odyssey imaging system (Li-COR).
Potential cis-acting Elements Identification
To search the potential cis-acting elements in the putative core promoter of ZNFO gene,
the

online

MatInspector

professional

software

from

the

Genomatix

database

(http://www.genomatix.de) was used.
Statistical Analysis
The USF1 and USF2 expression data were analyzed in JMP using Student’s t-test. The
relative luciferase activity was analyzed in JMP using one-way ANOVA. The individual means
were compared with pGL4.14 vector control in core promoter identification and E-box mutation
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experiments using Dunnett’s Method. For the RNAi-mediated knockdown assay, the luminescence
signal differences were determined by Tukey-Kramer.
RESULTS
Determination of the Transcription Start Site of ZNFO Gene
To identify the transcription start site (TSS) of ZNFO gene, a PCR based 5’RACE was
performed with two reverse ZNFO gene-specific primers and an oligo(dT)-anchor primer. As
shown in Fig. 1A, ZNFO-5RACE-R1 was used for first-strand cDNA synthesis followed by adding
a poly A tail at 5’ end of the newly synthesized cDNA. The PCR amplification was performed
from the polyA tailed cDNA using the oligo(dT)-anchor primer and ZNFO-5RACE-R2 to generate
the 5’ end of ZNFO cDNA. A single band of 160 bp was amplified (Fig. 1B), which was subjected
to gel purification and cloned into the pGEM-T easy for the subsequent sequencing. The sequence
analysis indicated that the TSS is a G (Fig. 1C), which was designated as position +1.
Identification of the ZNFO core promoter region
To identify the ZNFO core promoter region, a 1.7 kb putative ZNFO promoter region was
amplified and cloned into the pGL4.14 promoterless vector (Fig. 2B). A serial deletion of the
putative ZNFO promoter was performed by PCR amplification using different forward primers
generating a series of 5’ end deleted ZNFO promoters (Fig. 2A). The ZNFO promoter fragments
were cloned into the pGL4.14 promoterless vector generating the 5’ serial deletion constructs,
including ZNFO promoter 1 (-1665/+36), ZNFO promoter 2 (-1407/+36), ZNFO promoter 3(1149/+36), ZNFO promoter 4 (-891/+36), ZNFO promoter 5 (-633/+36), ZNFO promoter 6 (375/+36), ZNFO promoter 7 (-117/+36), ZNFO promoter 8 (-57/+36) and ZNFO promoter 9 (31/+36) (Fig. 2B). HEK293 cells were transiently transfected with each of the luciferase reporter
constructs along with the pRL-TK Renilla plasmid. Forty-eight hours after transfection, the cells
were lyzed and their luciferase activities were measured. The luciferase reporter assay data
revealed that the ZNFO promoter 9 (-31/+36) failed to drive the expression of luciferase reporter
gene, while robust ZNFO promoter-driven luciferase signals were observed in the rest of the ZNFO
promoter constructs (Fig. 2C). Thus, we conclude that the ZNFO core promoter has to include the
sequence within the genomic region spanning sequences between -57 and -31.
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Mutagenesis of the E-box within the Potential USF1/USF2 Binding Site in the ZNFO Core
Promoter
A conserved USF1/USF2 binding site (GGTCACGTGACC) containing an E-box
(CACGTG) was identified in the region between 57 bp and 31 bp upstream of the TSS using the
online

MatInspector

professional

software

from

the

Genomatix

database

(http://www.genomatix.de). To determine the potential role of the USF1/USF2 binding site in the
promoter activation of ZNFO, a mutation of the E-box within the USF1/USF2 binding site was
introduced (Fig.3 A), and an E-box mutant ZNFO core promoter construct (ZNFO promoter 8 Ebox Mut) was generated (Fig. 3B). The luciferase reporter assay showed that disruption of the Ebox within the USF1/USF2 binding site abolished the promoter activity of the ZNFO core
promoter (Fig. 3C), which demonstrated that the E-box within the USF1/USF2 binding site is
essential for the promoter activity of the ZNFO core promoter.
Functional Significance of USF1 and USF2 for the ZNFO Core Promoter Activity
To determine the requirement of USF1 and/or USF2 regarding the activation of ZNFO core
promoter, an RNAi-mediated knockdown assay was performed. Commercially available Dicersubstrate siRNAs (DsiRNAs) targeting USF1 and USF2 as well as a negative control DsiRNA
were transfected into HEK293 cells and the abundance of transcripts was measured by RT-qPCR.
The USF1 and USF2 siRNAs significantly decreased the endogenous USF1 and USF2 transcripts
respectively, while the negative control siRNA had no effect on the abundance of either USF1 or
USF2 transcript (Fig.4 A and B). To determine the requirement of USFs on the ZNFO core
promoter activity, the USF1 and USF2 siRNAs were co-transfected with the ZNFO promoter 8
luciferase reporter construct either individually or simultaneously into HEK293 cells. Doubleknockdown of USF1 and USF2 transcripts or knockdown of USF2 transcript alone reduced the
ZNFO promoter 8-driven luciferase activity significantly. However, degrading USF1 transcript
alone even increased promoter activity (Fig. 4C). The results indicated that both USF1 and USF2
are essential for the optimized ZNFO core promoter activity.
USF1/USF2 Complex Interacts with the ZNFO Core Promoter
To determine the interactions between USFs and the ZNFO core promoter, EMSA assays
were performed. Western blot analysis confirmed overexpression of both bUSF1 and bUSF2 in
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HEK293 cells transfected with the bUSF1-HA and bUSF2-FLAG expression constructs,
respectively (Fig. 5A). The EMSA experiments were performed by incubating nuclear extracts
from the bUSF1-HA overexpressed or bUSF2-FLAG overexpressed or bUSF1-HA and bUSF2FLAG co-overexpressed HEK293 cells with the IRDye700 labelled ZNFO core promoter probe.
The nuclear proteins from the HEK293 cells overexpressing bUSF1-HA or bUSF2-FLAG bound
to the IRDye 700 labelled ZNFO core promoter probe, producing a shifted band (Fig.5 B). The
addition of HA or FLAG antibody in the super-shift assays further confirmed the specificity of the
interactions between USF1 or USF2 and the core promoter probe (Fig.5 B). The results indicated
that both USF1 and USF2 can interact with the ZNFO core promoter. Furthermore, in the supershift experiment using the bUSF1-HA and bUSF2-FLAG co-overexpressed nuclear extracts, the
addition of either anti-HA or anti-FLAG antibody can cause a super-shift (Fig. 5B), indicating that
the USF1/USF2 complex interacts with the ZNFO core promoter probe.
DISCUSSION
Preimplantation development is an epigenetically dynamic process that is highly dependent
on maternal factors. Bovine 2-cell embryos are characterized by globally decondensed chromatin,
allowing the opportunistic binding of maternal factors, which triggers the minor embryonic
genome activation (EGA) as well as the establishment of the 3-D chromatin architecture (Halstead
et al., 2020). The minor wave of transcription and establishment of 3-D chromatin architecture are
essential for the major EGA, the widespread transcription of the embryonic genome (Schulz and
Harrison, 2019). ZNFO is a maternal KRAB-ZNF, which interacts with the KAP1 corepressor.
KAP1 serves as a scaffold for the recruitment of a repressor complex to form heterochromatin.
During the early developmental stage, KAP1 can recruit DNA methyltransferases (DNMTs),
which methylate the CpG islands in the promoter region and establish the inheritable silencing
(Wiznerowicz et al., 2007). As proposed in the arm-race model, KRAB-ZNFs are considered to
be evolutionally essential mechanism repressing transposable elements (TEs) (Ecco et al., 2017),
which are able to transport themselves and can perturb their genomic environment. Therefore, the
TEs are considered to be genetic threats and need to be strictly silenced (Doolittle and Sapienza,
1980). However, some TEs are components of critical regulatory network and have essential
biological functions. For instance, introducing endogenous retrovirus (ERV) sequences can direct
rapid KRAB-KAP1 mediated de novo methylation of a flanked promoter in embryonic stem (ES)
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cells, indicating that the interaction between KRAB-ZNFs and ERV sequences are critical for the
establishment of stable epigenetic marks at ERV-containing loci (Rowe et al., 2013).
In the present study, we identified the basal transcriptional mechanism that regulates ZNFO
transcription. Previous studies in our laboratory indicated that ZNFO is highly abundant in GV
oocytes (Hand et al., 2017), thus we used RNA from GV oocytes to perform 5’RACE and
identified the TSS of the ZNFO gene. The luciferase assays using the ZNFO promoter deletion
constructs confirmed that the core promoter region of the ZNFO promoter is located between 57
bp and 31 bp upstream of the TSS. Furthermore, a conserved USF1/USF2 binding site containing
an E-box was identified within the essential core promoter region. Mutagenesis analysis confirmed
that the E-box within the USF1/USF2 binding site is essential for ZNFO promoter activity. In
addition, knockdown of both USF1 and USF2 transcripts simultaneously or USF2 transcript alone
can ablate the ZNFO core promoter-driven luciferase signal. The gel shift assay indicated that the
ZNFO core promoter-driven luciferase signals are dependent on the interactions between USF1 or
USF2 and ZNFO core promoter. Furthermore, the super-shift assay using the nuclear extracts from
USF1/USF2 co-overexpressed cells indicated that the activation complex includes both USF1 and
USF2.
RNA polymerase II (Pol II) transcription is a tightly orchestrated process, which is initiated
by loading the pre-initiation complex onto the core promoter. The Pol II pre-initiation complex is
composed of the RNA polymerase II and basal transcription factors or general transcription factors.
Basal transcription factors are required since RNA Pol II is not able to interact with DNA. The
core promoter region typically spans from about -40 to +40 relative to the TSS (+1), and might
contain various elements such as TATA box, initiator elements (Inr), and downstream promoter
element (DPE) (Parry et al., 2010). The core promoters exhibit significant diversity regarding the
sequence and function of elements and there are no universal core promoter elements (Lenhard et
al., 2012). Cap-analysis of gene expression (CAGE) revealed that a majority of mammalian TSSs
are anchored by a purine base at the start site (+1 position) and a pyrimidine at -1 position, defined
as canonical Y-1R+1 initiator (Carninci et al., 2006). In contrast, the non-canonical polypyrimidine
initiator or TCT motif is anchored by cytosine (C+1) flanked by a polypyrimidine stretch (Pelczar
and Filipowicz, 1998; Smith and Steitz, 1998; Nepal et al., 2020). The “TCT” refers to the
trinucleotide, which frequently encompasses +1 position. The TCT motif is a rare motif only
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identified in the core promoters of translation-associated genes such as ribosomal protein genes
(Parry et al., 2010). The TATA box was the first identified eukaryotic core promoter element,
which has the consensus sequence TATAAR, representing the binding site for the TATA-binding
protein (TBP) subunit of the basal transcription factor TFIID (Burley and Roeder, 1996).
Promoters with strict adherence to the consensus sequence of TATA box are rare. Only 3.5% of
focused promoters in the human genome have a perfect match TATA box, and even for the
extremely loose TATA-like sequence, WWWW, only 28% were observed (Vo ngoc et al., 2017a,
b). The DPE, which is common in Drosophila but rare in humans (Burke and Kadonaga, 1997;
Kutach and Kadonaga, 2000), functions with the Inr elements cooperatively for the binding of
TFIID and transcriptional activity (Burke and Kadonaga, 1997). The analysis of the ZNFO core
promoter revealed that a canonical Y-1R+1 initiator (TG) is located within the ZNFO core promoter
region. In addition, no TATA box or TATA-like sequence was identified. Our results indicated
the requirement of the USF1/USF2 binding site for the basal transcription of ZNFO. Therefore,
USF1/USF2 initiate ZNFO transcription in conjunction with the canonical Y-1R+1 initiator, which
is termed sequence-specific transcription factor (SSTF)-binding site + Inr promoter. The SSTFbinding sites are typically located immediate upstream of the core promoter region, -80 to -50 bp
upstream of the TSS. The SSTF-binding site + Inr promoter is widely used in mammals (Vo ngoc
et al., 2017b).
USF1 and USF2 are ubiquitously expressed transcription factors (Sirito et al., 1994) and
are known to form heterodimers, which are the predominant USFs present in most tissues or cell
lines (Qyang et al., 1999), via the highly conserved bHLH-LZ domains located at the C-terminal
end. The USF1 homodimers are less abundant while the USF2 homodimers are usually scarce
(Sirito et al., 1992). Our RNAi-mediated knockdown results indicated that knockdown of USF2
transcript alone can block the ZNFO core promoter activity, while knockdown of both USF1 and
USF2 transcripts simultaneously tends to further ablate the core promoter activity (not statistically
significant). Furthermore, the EMSA and super-shift assays indicated that the USF1 and USF2
heterodimers bind to the ZNFO core promoter. Interestingly, knockdown of the USF1 transcript
alone even increased the core promoter activity. A similar result has been observed in placentaspecific promoter 1.1 of bovine Cyp19 gene (Fürbass et al., 2010). In addition, the USF1-null
mouse, which are viable and fertile but with only slight behavioral abnormality, have elevated
USF2 levels, while the USF2-null mouse that display an obvious growth defect have a reduced
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level of USF1 (Sirito et al., 1998) indicating that deletion of USF2 may affect the function of USF1
adversely, while depletion of USF1 has a slight effect on the function of USF2. The USR domain
of USFs is believed to interact with cell-specific co-activators to mediate the cell-specific gene
expression (Qyang et al., 1999). For example, both organic cation transporter 1 and 2 (OCT1 and
OCT2) rely on the USF-dependent basal transcription machinery; however, OCT1 and 2 are
expressed predominantly in the liver and kidney, respectively (Gorboulev et al., 1997; Motohashi
et al., 2002). The liver-enriched hepatocyte nuclear factor-4 α (HNF-4α), which is essential for
hepatocyte differentiation and hepatic gene expression (Saborowski et al., 2006) may be mainly
responsible for the liver-specific expression of OCT1 (Kajiwara et al., 2008). In addition,
epigenetic factors including DNA methylation may also contribute to the USF-dependent cellspecific or developmental regulated promoter basal transcription. The methylation at the CpG
island within the E-box strongly inhibits the transcription factor(s) DNA interaction. It has been
demonstrated that the renal-specific expression of OCT2 is highly dependent on the CpG island
methylation in the E-box located within the USFs binding site (Aoki et al., 2008). Bioinformatic
analysis indicated that there are various potential transcription factor binding sites located within
the putative ZNFO promoter. However, the detailed mechanism regarding the oocyte-specificity
of ZNFO expression needs further investigation.
In conclusion, the present study identified the TSS and the core promoter region of the
novel oocyte-specific gene ZNFO and clearly indicated that the USF1/USF2 heterodimers direct
the basal transcription of ZNFO using the SSTF-binding plus the canonical Y-1R+1 initiator. The
elucidation of ZNFO basal transcriptional machinery should facilitate the understanding regarding
the oocyte-specific regulation of ZNFO transcription and bovine oocyte competence.
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FIGURE LEGENDS
Fig. 1. 5’RACE analysis of the transcription start site of the ZNFO gene. (A) Schematic
representation of the primers designed for the 5’RACE assay. (B) Analysis of 5’RACE product on
a 2.0 % agarose gel. RACE assay was conducted using total RNA from bovine GV oocytes. ZNFO5RACE-R1 primer was used for first-strand cDNA synthesis, and oligo(dT)-anchor primer and
ZNFO-5RACE-R2 primer were used for PCR amplification. NEB 100bp DNA ladder was used as
a standard marker. The PCR product was cloned into pGEM-T easy vector and sequenced
subsequently. (C) Sequence of the ZNFO mRNA 5’ region. The position identified as TSS is
marked with an arrow. The primer sequences are shown in red. The translational start site (ATG)
is marked with a green highlight.

Fig. 2. Identification of the ZNFO core promoter region. (A) Analysis of purified ZNFO
promoter deletion fragments on an agarose gel. (B) Schematic representation of ZNFO promoterreporter constructs. The promoter deletion constructs were prepared by PCR amplification using
different forward primers designed to amplify a serial of ZNFO promoter deletion fragments
followed by cloning into pGL4.14 promoterless reporter vector. (C) Luciferase reporter assay.
HEK293 cells were transiently transfected with each of the ZNFO promoter fragment constructs
along with the pRL-TK Renilla luciferase reporter plasmid in a 96-well plate (n =6) using the XtremeGENE 9 transfection reagent. The firefly and renilla luciferase activities were measured by
the Dual-Glo Luciferase Assay System 48 h post-transfection. Relative luciferase activities were
determined by the ratio of firefly to renilla luciferase activity. Data were obtained from a
representative of three independent experiments, and each group represents the mean ± SEM of 6
wells of cells. (** p < 0.01). One-way ANOVA was used to analyze the relative luciferase activity.
The individual means were compared with pGL4.14 control using Dunnett’s Method following
one-way ANOVA analysis.

Fig.3. E-box within the USF1/USF2 binding site is essential for the ZNFO core promoter
activity. (A) The wild-type or E-box mutant sequences of the ZNFO core promoter. The
USF1/USF2 binding site is marked with a yellow highlight. The E-box or E-box mutation within
the USF1/USF2 binding site is marked in red color. The position identified as TSS is marked with
an arrow and a green highlight. (B) Schematic representation of the wild-type or mutant ZNFO
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promoter 8 reporter constructs. (C) Luciferase reporter assay. HEK293 cells were transiently
transfected with either the wild-type or the mutant ZNFO promoter 8 reporter construct along with
the pRL-TK Renilla luciferase reporter plasmid in a 96-well plate (n = 11) using the X-tremeGENE
9 transfection reagent. The firefly and renilla luciferase activities were measured by the Dual-Glo
Luciferase Assay System 48 h post-transfection. Relative luciferase activities were determined by
the ratio of firefly to renilla luciferase activity. Data were obtained from a representative of 3
independent experiments, and each group represents the mean ± SEM of 11 wells of cells (** p <
0.01). One-way ANOVA was used to analyze the relative luciferase activity. The individual means
were compared with pGL4.14 control using Dunnett’s Method

Fig.4. siRNA-mediated knockdown of USF1 and/or USF2 reduces ZNFO core promoter
activity. (A) RT-qPCR analysis of USF1 transcript abundance in cells transfected with the USF1
siRNA (siUSF1) or the negative control siRNA (siControl). (B) RT-qPCR analysis of USF2
transcript abundance in cells transfected with the USF2 siRNA (siUSF2) or the negative control
siRNA (siControl). Data were normalized relative to the abundance of the endogenous control
RPL19. Each group represents the mean ± SEM of 3 wells of cells (** p < 0.01). The difference
of relative transcript abundance was determined by student’s T-test. (C) Luciferase reporter assay.
HEK293 cells were transiently transfected with USF1 or USF2 siRNA or a combination of both
siRNAs along with the ZNFO promoter 8 construct and the pRL-TK Renilla luciferase reporter
plasmid in a 96-well plate (n = 11) using the Lipofectamine 3000 transfection reagent. The firefly
and renilla luciferase activities were measured by the Dual-Glo Luciferase Assay System 48 h post
transfection. Relative luciferase activities were determined by the ratio of firefly to renilla
luciferase activity. Data were obtained from 3 independent experiments, and each group represents
the mean ± SEM of 11 wells of cells. Different letters indicate statistical difference (p < 0.05).
One-way ANOVA was used to analyze the relative luciferase activity. Turkey-Kramer was used
for the multiple comparison.

Fig.5. Both USF1 and USF2 interact with the ZNFO core promoter. (A) Western blot analysis
of overexpressed bovine USF1 and USF2 proteins in HEK293 cells. HEK293 cells were
transfected with the constructs expressing bUSF1-HA or bUSF2-FLAG. The cells were harvested
48 h post-transfection and lysed in the RIPA buffer. The bovine USF1 and USF2 proteins were
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detected with monoclonal anti-HA and anti-FLAG antibodies, respectively. (B) EMSA analysis of
interactions between USF1/USF2 and the ZNFO core promoter. The EMSA experiments were
carried out with IRDye 700 labelled ZNFO core promoter probe and nuclear extracts from
HEK293 cells overexpressing bovine USF1 or USF2 or both USF1 and USF2 proteins. The supershift assays were performed using monoclonal anti-HA and anti-FLAG antibodies.
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TABLE 1
Primer name

Primer sequence (5’-3’)

Application

ZNFOp-KpnI-F345

GGCCGGTACCCAGATCCTCAGGAGACTCCTT

ZNFOp-KpnI-F603

GGCCGGTACCGCACCTAGGGTGCCTGGCCTT

ZNFOp-KpnI-F861

GGCCGGTACCTGATGATTCATTATGATTTTTAACC

ZNFOp-KpnI-F1119

GGCCGGTACCGTGTGATGAATGGTTTACCTA

ZNFOp-KpnI-F1376

GGCCGGTACCGCTCCATGCTGTTGCTGCCTC

ZNFOp-KpnI-F1635

GGCCGGTACCGTCCCTTAGAAAGGCCTGAAC

ZNFOp-KpnI-F1892

GGCCGGTACCCGATGGGTTCACATTCACTGA

ZNFOp-KpnI-F1953

GGCCGGTACCGGTCACGTGACCAGTGTTAGG

ZNFOp-KpnI-F1979

GGCCGGTACCACCTCCTGGTGCCCTCCCCAC

ZNFOp-SalI-R

CCGGGTCGACTCCTACAAACCACACTGATGC

ZNFOp-KpnIF1953-Ebox-M
ZNFO-5RACE-R1

GGCCGGTACCGGTACATGCACCAGTGTTAGGCAACGACC
AGACCGTGTGAGCTGACTGAC

ZNFO promoter
PCR
ZNFO promoter
PCR
ZNFO promoter
PCR
ZNFO promoter
PCR
ZNFO promoter
PCR
ZNFO promoter
PCR
ZNFO promoter
PCR
ZNFO promoter
PCR
ZNFO promoter
PCR
ZNFO promoter
PCR
Mutant ZNFO
promoter PCR
5’RACE

ZNFO-5RACE-R2

CAGTCCAAATCCAGCTAGGCC

5’RACE

Oligo (dT)-anchor
primer
ZNFOp-EMSAIRDye700F
ZNFOp-EMSAIRDye700R
bUSF1-HA-BamHIF
bUSF1-HA-XhoI-R

GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTV

5’RACE

TTCCCATCAGGGTCACGTGACCAGTGTTAGGC

EMSA

GCCTAACACTGGTCACGTGACCCTGATGGGAA

EMSA

CCGGGGATCGCCGCCACCATGAAGGGGCAGCAGAAAACA

bUSF2-FLAG-KpnI

CCGGGGTACCGCCGCCACCATGGACATGCTGGACCCGGG

bUSF2-FLAG-XhoIR
hRPL19-RT-F

CCGGCTCGAGCTGCCGGGCGCTCTCGCCCA
CAAGCTGAAGGCAGACAAGGC

Bovine USF1 ORF
PCR
Bovine USF1 ORF
PCR
Bovine USF2 ORF
PCR
Bovine USF2 ORF
PCR
RT-qPCR

hRPL19-RT-R

CTTGGTCTCTTCCTCCTTGGA

RT-qPCR

hUSF1-RT-F

TGGACAATGACGTGCTTCGAC

RT-qPCR

hUSF1-RT-R

CTGTCATTCTTGATGACGACC

RT-qPCR

hUSF2-RT-F

AGACTGTAACGCAGACAACAG

RT-qPCR

hUSF2-RT-R

TCTTTGAAGGTCTCCTGCATG

RT-qPCR

CCGGCTCGAGGTTGCTGTCACTCTTGATGA
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ABSTRACT
The maternal-effect genes are essential components of oocyte competence, which
orchestrate the early developmental events before zygotic genome activation (ZGA). The Krüppelassociated box (KRAB) domain-containing zinc finger proteins (KRAB-ZFPs) constitute the
largest transcription factor family in mammals. The KRAB domain interacts with co-repressor
KAP1 to recruit repressive complexes, while the zinc finger domain interacts with DNA to load
the repressive complexes onto target locus. As a novel maternal effect gene, ZNFO was identified
previously in our laboratory. The gene codes for a KRAB-ZFP specifically expressed in bovine
oocytes and early embryos and gene silencing experiments have demonstrated that ZNFO is
required for early embryonic development in cattle. In the previous study, we identified a
consensus sequence, ATATCCTGTTTAAACCCC, as the DNA binding element of ZNFO
(ZNFOBE) using a library of random oligonucleotides by cyclic amplification of sequence target
(CAST) analysis. Sequence-specific binding of ZNFO to the DNA binding element was confirmed
by electrophoretic mobility shift assay (EMSA) in combination with competition assays. Through
a luciferase-based reporter assay, it was confirmed that the interaction between ZNFO and
ZNFOBE is required for the repressive function of ZNFO. These results provide an essential step
towards the identification of ZNFO regulated genes that play important roles during early
embryonic development.
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INTRODUCTION
Oocyte developmental competence or oocyte intrinsic quality describes the capability of
oocytes to resume meiosis, cleave and develop to blastocyst stage after fertilization, and further
establish implantation and sustain fetal growth and development until birth (Picton et al., 1998;
Krisher, 2004; Sirard et al., 2006). Numerous studies have demonstrated that early embryonic
mortality is a major cause of pregnancy loss in both human and domestic animals (Ginther et al.,
1985; Wilcox et al., 1988; Sartori et al., 2009; Reese et al., 2020) primarily due to the poor oocyte
quality. Mammalian mature oocytes and early embryos before zygotic genome activation (ZGA)
are transcriptionally quiescent and the early development events are highly dependent on maternal
factors or maternal effect genes. As the essential components of the intrinsic oocyte quality, a
growing number of maternal effect genes has been identified in model species such as mouse (Li
et al., 2010; Zhang and Smith, 2015). They are involved in orchestrating different biological
processes during early stages including degradation of maternal transcripts and proteins, epigenetic
reprogramming and zygotic genome activation (Li et al., 2010; Kim and Lee, 2014).
ZGA occurs in two phases: minor ZGA and major ZGA. The minor ZGA, which occurs at
the zygotic stage in mouse (Li et al., 2021), the 2-cell stage in cattle (Memili and First, 2000;
Vassena et al., 2011), results in low level of transcription and is essential for major ZGA (Halstead
et al., 2020), the genome-wide transcription. The major ZGA occurs at two-cell stage in mouse
(Qiu et al., 2003), eight-cell stage in cattle (Memili and First, 2000; Vassena et al., 2011). The
timing difference in ZGA between mouse and cattle suggests potential species differences in
mechanisms and mediators of the maternal-to-zygotic transition (Telford et al., 1990). To date,
our knowledge of the contribution of maternal factors to the maternal-to-zygotic transition during
early embryogenesis in cattle is limited. Although a number of maternal effect genes have been
recently identified in bovine species such as JY-1 (Bettegowda et al., 2007), KPNA7 (Tejomurtula
et al., 2009), NOBOX (Tripurani et al., 2011) and ZNFO (Hand et al., 2017), our understanding
of the mechanisms of action of these genes in controlling the key events during early bovine
embryogenesis is far less complete.
ZNFO is a new member of the Krüppel-associated box (KRAB) domain-containing zinc
finger protein (KRAB-ZFP) family identified previously in our laboratory (Hand et al., 2017). As
a maternal factor, ZNFO transcript is highly abundant in germinal vesicle (GV)-, MII-stage oocytes
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and early stage embryos but barely detectable in morula and blastocyst stage embryos (Hand et al.,
2017). RNAi experiments demonstrated that ZNFO is indispensable during early embryonic
development in cattle (Hand et al., 2017). However, the regulatory mechanism of ZNFO remains
elusive. The DNA binding element of ZNFO (ZNFOBE) was identified by cyclic amplification of
sequence target (CAST) assay followed by Sanger sequencing. In the previous study, we
performed electrophoretic mobility shift assay (EMSA) combined with a binding competition
assay to confirm the specificity of ZNFO binding to the identified DNA element. Furthermore, a
luciferase reporter assay was performed to demonstrate that the binding of ZNFO to ZNFOBE
represses transcription.
MATERIALS AND METHODS
Plasmid Construction
To perform the luciferase reporter assay, the 3 copies of the ZNFO binding element
(3×ZNFOBE) were cloned into the pGL3-promoter vector (Promega) to generate the reporter
construct (3×ZNFOBE-pGL3). A mutant reporter construct containing 3 copies of the mutated
ZNFO binding element (3xZNFOBEmut) was also generated (3xZNFOBEmut-pGL3). The ZNFO
open reading frame (ORF) fused with a N-terminal 3×FLAG tag was cloned into pcDNA3.1A
plasmid (Invitrogen) for overexpression in the mammalian cells, which is named pcDNA 3.1AZNFO. The PCR primers are listed in Table 1. All the constructs were verified by Sanger
sequencing.
Expression and Purification of Recombinant Proteins
The construct pH6HTNHis6Halo-ZNFO-ZNF or pH6HTNHis6Halo vector was
transformed into single step (KRX) competent cells (Promega) to induce the expression of
His6Halo-ZNFO-ZNF or His6Halo fusion proteins, respectively according to the manufacturer’s
instructions. Briefly, a fresh colony from each transformation was inoculated into LB medium
containing 100 µg/ml Ampicillin and 0.4% of glucose followed by culturing at 37 °C overnight.
The overnight culture was further diluted in fresh LB containing 100 µg/ml Ampicillin, 0.05%
glucose and 0.1% rhamnose (1:100) and the protein expression was induced at 23 °C. The fusion
proteins were purified using Dynabeads TM His-Tag Magnetic beads (Thermo Fisher Scientific).
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Electrophoretic Mobility Shift Assay (EMSA)
A sense and an antisense oligonucleotide labeled with IRDye 700 (Table 1) were obtained
from IDT. The EMSA probe was generated by annealing of the two oligonucleotides. To perform
the near-infrared fluorescent EMSA, 20 pmole of probe was incubated with 160 ng of purified
His6-Halo-ZNFO protein in a binding buffer containing 10mM Tris-HCl (pH =7.5), 2.5mM
DTT/0.25% tween-20, 2.5% glycerol, 50ng/ul polydI-dG, 1 µg/µl BSA (Bovine Serum Albumin),
0.05% NP-40, 50 µM KCl, and 1mM ZnCl2 at 23°C for 20 minutes. For competition assay, the
purified protein was incubated with cold competitors (Table 1) for 10 minutes before the addition
of the probe. The mixtures were subject to electrophoresis on a 5% protean TBE precast gel (Biorad) in 0.5 × TBE buffer. The gel was analyzed on the Odyssey imaging system (Li-COR).
Cell Culture and Reporter Assay
HEK293 cells (2.5×104 /well) were plated in a 96-well plate. For each transfection, 10 ng
of reporter construct, 40ng of indicated expression plasmid, and 1ng of pRL-TK, the Renilla
luciferase control vector for normalization were co-transfected into the HEK293 cells using XtremeGENE 9 (Roche) according to the manufacturer’s instruction. The luciferase reactions were
conducted using Dual-Glo Luciferase Assay System (Promega) according to the manufacturer’s
instruction 48 hours after transfection. The luminescence was measured by the SYNERGY H1
microplate reader (BioTek). All experiments were repeated in triplicate.
Statistical Analysis
The relative luciferase activities were analyzed in JMP using Student’s t-test. Data were
obtained from a representative of three independent experiments, and each group represents the
mean ± SEM. P < 0.05 indicates significant difference.
RESULTS
Determination of the Key Nucleotides in ZNFOBE
The previous work in our laboratory identified an 18-nt consensus sequence,
ATATCCTGTTTAAACCCC, as the ZNFOBE (Fig. 1). Within this sequence, TATCCTG appears
to be specific and therefore can be considered as the core element. However, the nucleotides at
positions 9, 10, 11 and 15 are not specific. In addition, based on the sequences of clone 4 and 5
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(ATATCCTGCTTAAACCCC), an IRDye700 labeled ZNFOBE probe was designed for EMSA,
confirming the interaction between ZNFO and ZNFOBE.
It appears that the sequence in the middle of the consensus sequence is not specific (Fig.
1). To determine the regions that are required for specific binding by ZNFO, we performed a
competitional EMSA using mutant competitors. A series of oligonucleotides with base
substitutions in different regions of the ZNFOBE were synthesized and used as cold competitors
(Fig. 2A and Table 1). As expected, the intensity of the shifted band was reduced by adding 200fold molar excess of wild-type competitor (Fig. 2B, lane 4 and Fig. 2C, lane 4). In contrast, the
mutant competitors with base substitutions at positions 1 to 8 (mutant 1) and positions 13 to 18
(mutant 3) failed to compete for binding with ZNFO (Fig. 2B, lanes 5, 6, 9 and 10), indicating that
both regions of the consensus sequence are indispensable for the interaction between ZNFO and
ZNFOBE. The mutant competitor with base substitutions at positions 9 to 12 (mutant 2) was able
to compete for binding with ZNFO when 200-fold molar excess of competitor was used (Fig. 2B,
lane 8), indicating the middle region (position 9 to 12) of the consensus sequence is not essential
for specific binding to ZNFO. Further analysis revealed that the mutant competitors with base
substitutions at positions 15 to 18 (mutant 4), positions 15 to 16 (mutant 6) and positions 17 to 18
(mutant 7) did not compete for binding with ZNFO (Fig. 2C, lanes 5, 6, 9, 10, 11 and 12), indicating
that nucleotides at these positions are required for specific binding to ZNFO. Interestingly, the
mutant competitor with base substitutions at positions 13 to 14 (mutant 5) could partially compete
for binding of ZNFO to the ZNFOBE probe as evidenced by slightly decreased intensity of the
shifted band (Fig. 2C, lane 8).
Transcriptional Regulation of ZNFOBE.
To determine the regulatory function of ZNFOBE, we cloned 3×ZNFOBE into the pGL3
vector, which contains an SV40 promoter located upstream of luciferase genes (Fig. 3A). The
ZNFOBE-pGL3 construct was co-transfected into the HEK293 cells with the ZNFO
overexpression construct, pcDNA 3.1A-ZNFO. The overexpression of ZNFO decreased the SV40
promoter-driven luciferase activity (Fig. 3B), indicating that the interaction of ZNFO and
ZNFOBE has a repressive effect. Furthermore, the mutation of ZNFOBE in reporter construct
rescued the repressive effect of ZNFO overexpression (Fig. 3 D).
DISCUSSION
102

As a zinc finger transcription factor, ZNFO needs to bind to its specific DNA elements to
regulate transcriptional activity of downstream genes. In this study, we identified
ATATCCTGTTTAAACCCC as the ZNFO binding element and TATCCTG therein as the core
element. Sequence-specific binding of ZNFO to the DNA binding element was confirmed by
EMSA and competition assays. Furthermore, the luciferase-based reporter assay demonstrated that
the ZNFOBE is essential for the repressive function of ZNFO.
The tandem two cysteine and two histidine (C2H2) zinc finger proteins (ZFPs) represents
the largest transcription factor family in mouse and human (Emerson and Thomas, 2009), while
the KRAB-ZFPs are the largest subtype (Urrutia, 2003; Emerson and Thomas, 2009). The zinc
finger motifs of KRAB-ZFPs served as modular DNA binding units. Each finger may interact with
three successive nucleotides on the forward strand (Pavletich Nikola P. and Pabo Carl O., 1991)
and one nucleotide in the reverse strand (Fairall et al., 1993). The KRAB domain interacts with
KAP1 co-repressor, served as a platform to recruit repressive heterochromatin-inducing
macromolecular complex. Even though a growing number of KRAB-ZFPs have been identified
and characterized to have essential functions in various cellular, physiological, and even
pathological process including cell proliferation, differentiation, apoptosis and cancer (Lupo et al.,
2013), the target elements of mammalian KRAB-ZFPs are largely unknown. In general, the
transcription factor binds to short sequences like Nobox (Choi and Rajkovic, 2006), and Figla
(Liang et al., 1997) binds to short sequences. The KRAB-ZFPs are expected to have longer target
elements (Emerson and Thomas, 2009), since they can contain up to 36 zinc finger motifs.
However, not each individual finger from KRAB-ZFPs is involved in DNA binding (Hoffmann et
al., 2003; Johnson David. Et al., 2007). The identified ZNFOBE in the present study has 18
nucleotides, which is relative longer than the general binding elements for transcription factors.
However, ZNFO is expected to capture a 27-nucleotide element, since it has 9 zinc finger motifs.
Apparently, ZNFO may have some fingers that are not involved in DNA binding.
Global epigenetic reprogramming is an essential process, which ensures that the embryonic
genome is activated properly. The two highly differentiated gametes are unified and reprogrammed
to a totipotent zygote. After fertilization, the zygote undergoes a global demethylation followed
by a de novo methylation establishment (Kohli and Zhang, 2013), which is required for the cell
lineage differentiation. During pre-implantation stage, the imprinted control regions are protected
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from the global demethylation process. It has been demonstrated that KRAB-ZFPs are highly
involved in the process. For example, Zfp57, a KRAB-ZFP, is highly involved in imprinting
maintenance (Lau et al., 2016). In mouse, Zfp57 binds to methylated hexanucleotide motif,
TGCCGC (Quenneville et al., 2011) and deficiency of both zygotic and maternal Zfp57 fails to
maintain DNA methylation at multiple differentially methylated regions and results in embryonic
death (Li et al., 2008). The KAP1 corepressor is indispensable for Zfp57 to maintain the genomic
imprints (Zuo et al., 2012). The activation of endogenous retroelements (ERVs) is another event
that occurs during ZGA (Peaston et al., 2004; Jiang et al., 2018) due to the global epigenetic
reprogramming during the early developmental stage. The endogenous retroelements are
considered parasite DNA and are silenced by KRAB-ZFPs to avoid them agitating the integrity of
host genome (Wolf et al., 2015). Interestingly, the ERVs are gradually considered co-opted
elements, which play an essential role in various biological processes (reviewed in Wolf et al.,
2015). In general, the ERVs-embed regulatory sequences (ERVsERS) are incorporated with
KRAB-ZFPs to establish species-specific epigenetic regulation (Turelli et al., 2020). As a new
member of the KRAB-ZFP family, ZNFO may also be involved in the maintenance of imprinting
and silencing of endogenous retroelements during early embryonic development. Since ZNFO is
known to interacts with KAP1 with high affinity and the expression of ZNFO is restricted to female
gamete and pre-implantation embryos (Hand et al., 2017). Identification of ZNFOBE in this study
would help identify putative ZNFO target genes in future studies based on analysis of differentially
expressed genes in early embryos following ZNFO knockdown.
In

conclusion,

the

present

study

identified

a

consensus

sequence,

ATATCCTGTTTAAACCCC, as the binding element of ZNFO. The interaction between ZNFO
and ZNFOBE is required for the repressive function of ZNFO. The identification of ZNFOBE is
essential for future studies to investigate the molecular mechanism, in which ZNFO contributes to
early embryonic development.
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FIGURE LEGENDS
Fig. 1. Alignment of individual sequences pulled down by ZNFO. The individual sequence
obtained by Sanger sequencing of cloned PCR products after 6 rounds of CAST reactions. The
consensus sequence recognized by ZNFO (ZNFOBE) was generated using MEME suite
(http://meme-suite.org).

Fig. 2. Determination of the key nucleotide(s) of ZNFOBE by EMSA and competition assays.
(A) Sequences of the wild-type and mutant competitors. The mutated nucleotides are highlighted
in yellow. (B) and (C) EMSA and competition assays using different mutant competitors. IRDye
700 labeled ZNFOBE probe was incubated with purified ZNFO-ZNF protein. A 20-fold or 200fold molar excess of cold wild-type or mutant competitors were included in the reactions. The
shifted bands represent the ZNFO-ZNF/probe complex.

Fig. 3. Luciferase reporter assays to determine the transcriptional regulatory function of
ZNFOBE. (A) Schematic representation of pGL3-promoter vector, wild type ZNFOBE reporter
construct (3xZNFOBE-pGL3) and mutant ZNFOBE reporter construct (3xZNFOBEmut-pGL3).
(B) Luciferase reporter assay showing ZNFO regulates the expression of wild type ZNFOBEdriven reporter gene. HEK293 cells were transiently co-transfected with ZNFO expression
construct (pcDNA3.1A-ZNFO) or pcDNA3.1A along with ZNFOBE luciferase reporter construct
(3xZNFOBE-pGL3) and pRL-TK renilla luciferase reporter plasmid in a 96-well plate (n = 20).
Relative luciferase activities were determined by the ratio of firefly to renilla luciferase activity.
Data were obtained from a representative of three independent experiments, and each group
represents the mean ± SEM of 20 wells of cells (P < 0.05). (C) Luciferase reporter assay showing
ZNFO fails to regulate the expression of mutant ZNFOBE-driven reporter gene. HEK293 cells
were transiently co-transfected with ZNFO expression construct (pcDNA3.1A-ZNFO) along with
wild type ZNFOBE luciferase reporter construct (3xZNFOBE-pGL3) or mutant construct
(3xZNFOBEmut-pGL3) and pRL-TK renilla luciferase reporter plasmid in a 96-well plate (n =
18). The relative luciferase activities were determined by the ratio of the firefly to renilla luciferase
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activity. Data were obtained from a representative of three independent experiments, and each
group represents the mean ± SEM of 18 wells of cells (P < 0.05).
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TABLE 1
Primer name

Primer sequence (5’-3’)

Application

ZNFO-EMSAIRDye700-F
ZNFO-EMSAIRDye700-R
ZNFO-EMSAWT-F
ZNFO-EMSAWT-R
ZNFO-EMSAmutation1-F
ZNFO-EMSAmutation1-R
ZNFO-EMSAmutation2-F
ZNFO-EMSAmutation2-R
ZNFO-EMSAmutation3-F
ZNFO-EMSAmutation3-R
ZNFO-EMSAmutation4-F
ZNFO-EMSAmutation4-R
ZNFO-EMSAmutation5-F
ZNFO-EMSAmutation5-R
ZNFO-EMSAmutation6-F
ZNFO-EMSAmutation6-R
ZNFO-EMSAmutation7-F
ZNFO-EMSAmutation7-R
3FLAG-PCR-F

IRDye700GTATGCCGAGCTGATATCCTGCTTAAACCCCGTTACGCACCTGGT

3FLAG-PCR-R

GCATGGTACCCTTGTCATCGTCATC

3FLAG-HindXbaI-F
3FLAG-HindXbaI-R
ZNFO-ORFXbaI-F
ZNFO-3X-KpnIF
ZNFO-3X-XhoIR
Znfo-3xMutKpnI-F
ZNFO-3xMutXhoI-R

AGCTTGCCGCCACCATGGACTACAAAGACCATGACGGTGATTATAAAGATCA
TGACATCGATTACAAGGATGACGATGACAAGT
CTAGACTTGTCATCGTCATCCTTGTAATCGATGTCATGATCTTTATAATCAC
CGTCATGGTCTTTGTAGTCCATGGTGGCGGCA
GGGCCCTCTAGAATGCAGAGGTGTGTTTGCTACA

ZNFO EMSA
probe
ZNFO EMSA
probe
EMSA wild type
competitor
EMSA wild type
competitor
EMSA mutant
competitor
EMSA mutant
competitor
EMSA mutant
competitor
EMSA mutant
competitor
EMSA mutant
competitor
EMSA mutant
competitor
EMSA mutant
competitor
EMSA mutant
competitor
EMSA mutant
competitor
EMSA mutant
competitor
EMSA mutant
competitor
EMSA mutant
competitor
EMSA mutant
competitor
EMSA mutant
competitor
3×FLAG tag
clone
3×FLAG tag
clone
3×FLAG tag
clone
3×FLAG tag
clone
ZNFO ORF clone

IRDye700ACCAGGTGCGTAACGGGGTTTAAGCAGGATATCAGCTCGGCATAC
GTATGCCGAGCTGATATCCTGCTTAAACCCCGTTACGCACCTGGT
ACCAGGTGCGTAACGGGGTTTAAGCAGGATATCAGCTCGGCATAC
GTATGCCGAGCTGGCGCTTCACTTAAACCCCGTTACGCACCTGGT
ACCAGGTGCGTAACGGGGTTTAAGTGAAGCGCCAGCTCGGCATAC
ACCAGGTGCGTAACGGGGTTCGGACAGGATATCAGCTCGGCATAC
GTATGCCGAGCTGATATCCTGTCCGAACCCCGTTACGCACCTGGT
GTATGCCGAGCTGATATCCTGCTTAGGTTTTGTTACGCACCTGGT
ACCAGGTGCGTAACAAAACCTAAGCAGGATATCAGCTCGGCATAC
GTATGCCGAGCTGATATCCTGCTTAAATTTTGTTACGCACCTGGT
ACCAGGTGCGTAACAAAATTTAAGCAGGATATCAGCTCGGCATAC
GTATGCCGAGCTGATATCCTGCTTAGGCCCCGTTACGCACCTGGT
ACCAGGTGCGTAACGGGGCCTAAGCAGGATATCAGCTCGGCATAC
GTATGCCGAGCTGATATCCTGCTTAAATTCCGTTACGCACCTGGT
ACCAGGTGCGTAACGGAATTTAAGCAGGATATCAGCTCGGCATAC
GTATGCCGAGCTGATATCCTGCTTAAACCTTGTTACGCACCTGGT
ACCAGGTGCGTAACAAGGTTTAAGCAGGATATCAGCTCGGCATAC
GTACAAGCTTGCCGCCACCATGGAC

CATATCCTGCTTAAACCCCAAAAATATCCTGCTTAAACCCCAAAAATATCCT
GCTTAAACCCCC
TCGAGGGGGTTTAAGCAGGATATTTTTGGGGTTTAAGCAGGATATTTTTGGGGT
TTAAGCAGGATATGGTAC
CGCGCTTCACTTAGGTTTTAAAAGCGCTTCACTTAGGTTTTAAAAGCGCTTCAC
TTAGGTTTTC
TCGAGAAAACCTAAGTGAAGCGCTTTTAAAACCTAAGTGAAGCGCTTTTAAAACCTAA
GTGAAGCGCGGTAC

Luciferase assay
Luciferase assay
Luciferase assay
Luciferase assay
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ABSTRACT
Oocyte quality is a determining factor for fertility since maternal factors orchestrate early
developmental events before ZGA. KRAB-C2H2-ZFPs represent the largest transcription factor
repertoire of mammalian genome, which interact with DNA through the zinc finger motif. Even
though the entire function of KRAB-C2H2-ZFPs remain elusive, KRAB-C2H2-ZFPs have been
demonstrated to be highly involved in various cellular processes, including development,
differentiation, and apoptosis. Bovine ZIM2 is a KRAB-containing C2H2-zinc finger transcription
factor, which is highly abundant in the testis. Analysis of RNA-seq data from a bovine oocyte
cDNA library indicated that ZIM2 transcript is highly abundant in oocytes as well.
Characterization of ZIM2 transcript expression revealed that ZIM2 mRNA is expressed in testis,
oocytes, and early embryos. In addition, western blot analysis using a customized ZIM2 antibody
indicated that ZIM2 protein is present in oocytes and 2-cell, 4-cell, 8-cell, 16-cell embryos, morula,
and blastocyst. To test the effect of ZIM2 in early embryonic development, zygote was generated
by in vitro maturation and fertilization of oocytes, siRNA specifically targeting ZIM2 was
designed and injected into the presumptive zygotes to perform a knockdown experiment. The
decreased blastocyst rate was observed in the knockdown group compared to the uninjected and
negative siRNA group. Using a GAL4-luciferase reporter assay, ZIM2 was demonstrated to
contain an intrinsic repressive effect. In addition, ZIM2 interacted with a highly conserved corepressor KAP-1. Present studies demonstrated that maternally derived ZIM2 is indispensable for
early embryonic development, presumably serving as a transcription repressor.
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INTRODUCTION
Maternal effect genes are key aspects of oocyte quality, which orchestrate various events
including oocyte maturation (Kim and Lee, 2014), maternal transcripts clearance (Sha et al., 2019),
metaphase II (MII)-arrest (Madgwick and Jones, 2007), fertilization, global epigenetic
reprogramming, and zygotic genome activation (ZGA). Due to the transcriptional silence after
maturation, these essential cellular events highly rely on the accumulated maternal transcripts
during the oocyte growth. The well-maturated oocyte with good quality is a determining factor on
fertility, especially post-fertilization developmental events. Global epigenetic reprogramming
refers to the removal of highly differentiated germ cell-specific epigenetic mark and reestablishing a permissive status for the totipotency of early embryos. For instance, the paternal
protamines are replaced by maternal derived histone immediately post-fertilization and forming
the male pronuclei (Xia and Xie, 2020). The activation of zygotic genome can be classified into
two steps: the minor activation and major activation. The minor activation refers to a low level of
transcription during early cleave stage, which occurs mid-zygotic stage in mouse (Aoshima et al.,
2015), 4-cell stage in cow (Graf et al., 2014), and 2-cell stage in human (Wu et al., 2018). Transient
inhibition of minor ZGA using 5, 6-dichloro-1-β-D-ribofuranosyl-benzimidazole (DRB) induced
developmental arrest mostly at the two-cell stage in mouse indicating the requirement of minor
ZGA for proper development (Abe et al., 2018). In addition, the establishment of minor ZGA is
highly dependent on proximal promoters (Datta et al., 2015). The opportunistic binding of
maternal factors to the chromatin, which results from the decondensation of chromatin following
fertilization, initiates both the minor wave of transcription and the establishment of 3-D chromatin
structure, like enhancer-promoter loop. The minor ZGA products, maternal factors, as well as the
chromatin structure will trigger the major wave of transcription (Halstead et al., 2020).
Nowadays, in vitro fertilization (IVF) is one of the most widely used assisted reproductive
technologies. The in vitro production of livestock animals such as cows and pigs provide essential
models, which benefits both biomedical and agricultural field (Yuan et al., 2017). In addition,
infertility is becoming a common issue in human society. According to CDC report, about 6% of
married women aged 15 to 44 years in the United State are infertile and 12% of them have
difficulty getting pregnant or carrying a pregnancy to term. IVF is the alternative for the women,
who are not able be pregnant naturally. Oocyte maturation, either in vitro or in vivo, is a critical
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step for oocytes to acquire development competence, which affects the results of IVF process
directly. The description of oocyte maturation can be classified into three aspects: meiotic
maturation, cytoplasmic maturation, and epigenetic maturation (He et al., 2021). Synchronized
meiotic maturation and cytoplasmic maturation is a determining factor for oocyte quality during
IVM. Supplementation of milrinone, a phosphodiesterase 3A inhibitor, in IVM blocks spontaneous
meiotic maturation, which allows the oocytes to acquire longer maturation time and increased
developmental competence (Roy et al., 2021).
C2H2 (Cys2-His2) zinc finger domain represents one of most common domains of
transcription factor in mammals (Fedotova et al., 2017), which dominates around 53% of
mammalian transcription factor repertoire (Vaquerizas et al., 2009). The two cysteine and two
histidine residues tetrahedrally coordinate with a zinc ion protruding the peptide into a finger-like
projection. Each motif has a consensus sequence: Φ-X-Cys-X(2-4)-Cys-X3-Φ-X5-Φ-X2-His-X(3-4)His, in which X represents any amino acid and Φ represents a hydrophobic residue (Klug and
Schwabe, 1995). Each zinc finger motif contains a left-handed ββα-module tertiary structure,
which is composed of two anti-paralleled β-sheets followed by an α-helix (Klug and Schwabe,
1995). The α-helix contacts with the major groove of DNA double helix. Specifically, the amino
acid residues located at position -1, +3, and +6 of the α-helix recognize three successive bases on
the forward strand, while the amino acid located +2 position recognizes a nucleotide in the reverse
strand (Fedotova et al., 2017). Each individual “finger” is arranged into a tandem cluster and
forming a zinc finger domain (Klug A, 2010). The variation of key amino acids within each
individual finger as well as the number of fingers allow C2H2 zinc finger proteins family to have
a large group of targets. Approximately one third of the C2H2 zinc finger proteins contain the
highly conserved Krüppel-associated Box (KRAB) domain (Urrutia, 2003). The KRAB domain
interacts with KAP1 (KRAB-associated protein 1), which served as a scaffold recruiting repressive
complexes, including HP1 (heterochromatin protein 1), SETDB1(Set domain bifurcated 1), and
DNA methyltransferase (Denomme and Mann, 2013). Other than KRAB domain, SCAN (SREZBP, Ctfin51, AW-1, and Number 18) domain is also highly abundant in C2H2 zinc finger proteins.
Unlike KRAB domain, the SCAN domain does not contain the intrinsic repressive or active effect
but serves as an interaction domain.
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The livestock species are considered as double models. The investigation on oocyte
competence using livestock species not only elucidates the regulatory network of livestock species,
but also sheds a light on human oocyte competence, which has limitations on the sample
accessibility. Even though it is believed that relatively conserved developmental pathways regulate
oocyte growth among species, phylogenetic analysis of proteins involved in fertilization or
embryonic development revealed that human oocytes are more closely to bovine oocyte compared
to mouse (Sylvestre et al., 2013). ZIM2 (zinc finger imprint 2) is isolated from an evolutionary
conserved imprinted region, the PEG3 domain, which is located in human chromosome
19q13.4/proximal mouse chromosome 7/cow chromosome 18 (Huang and Kim, 2009). ZIM2 is
located downstream of PEG3 in mammals. Human PEG3 and ZIM2 share a set of 5’ exons and a
common promoter, while murine or bovine PEG3 and ZIM2 do not share exons or promoter (Kim
J et al., 2004). ZIM2 is expressed in the testis in all three species, but it has been reported that
murine Zim2 lost the open read frame (ORF) and turned into a long noncoding RNA (lncRNA)
(Kim J et al., 2004). In addition, it has been indicated by microarray analysis that ZIM2 is also
highly abundant in human germinal vesicle (GV) oocytes (Zhang et al., 2007). To date, the
function of ZIM2 has not been reported in any species. In the present study, analysis of RNA-seq
data from a cDNA library constructed with bovine oocytes revealed that ZIM2 is abundant in
bovine GV oocytes as well. The investigation of ZIM2 expression using RT-PCR elucidated that
bovine ZIM2 is exclusively expressed in testis, oocytes and early embryos. We hypothesize that
ZIM2 has a distinct and indispensable function in bovine early embryonic development, which
might be considered as a model to investigate the function of human ZIM2. Herein, we report the
temporal expression of both ZIM2 mRNA and protein during oocyte maturation and early
embryonic development. The loss-function analysis of ZIM2 in bovine zygotes indicates the
requirement of ZIM2 during early embryogenesis in cattle. We also show that ZIM2 interacts with
the highly conserved co-factor, KAP1, and functions as a transcriptional repressor.
MATERIAL AND METHODS
Tissue Collection
Bovine tissue samples, including adult testis, spleen, liver, heart, lung, kidney, muscle,
pituitary, thymus, adrenal, stomach ovary, fetal ovary and fetal testis were collected from a local
slaughterhouse. Granulosa and theca cells were isolated from antral follicles as described
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previously (Murdoch et al., 1981). All samples were frozen in liquid nitrogen immediately after
collection and stored at -80 °C until use.
In Vitro Production of Bovine Oocytes and Embryos
Bovine embryo production in vitro was performed according to published procedures with
some modification (Li et al., 2021). Briefly, bovine ovaries were obtained from a local
slaughterhouse and cumulus oocyte complexes (COCs) were aspirated from 2-7 mm antral
follicles. The GV oocytes enclosed by a minimum of three layers of cumulus cells and containing
homogenous cytoplasm were collected following aspiration under stereomicroscope. COCs were
maturated in Medium-199 containing Earle’s Salts (Gibco) supplemented with 10% [v/v] fetal
bovine serum (FBS, Gibco), 25 µg/ml Folltropin (Agtech), 1mM Sodium Pyruvate (Thermo
Scientific), 2.5mM GlutaMAX TM (Thermo Scientific), 50 µg/ml Gentamicin (Thermo Scientific),
20 ng/ml epidermal growth factor (EGF, sigma) or BO-IVM medium (IVF Bioscience) at 38.5 °C
under 6.5% CO2 in humidified air for 22-24 hours. Frozen semen was thawed at 37 °C for 40s,
followed by two times wash in 2 ml of BO-SemenPrep (IVF Bioscience). The matured COCs were
fertilized by co-incubating with purified spermatozoa (1.0 × 105) in BO-IVF medium (IVF
Bioscience) for 9 -12 hours. The presumptive zygotes were incubated with hyaluronidase for 5
minutes followed vortexing for 5 minutes to remove the cumulus cells. After three times wash
with BO-IVC medium (IVF Bioscience), the embryos were cultured in BO-IVC medium (IVF
Bioscience). GV or MII oocytes were collected immediately after aspiration or maturation,
respectively. The cumulus cells were removed by incubation with hyaluronidase for 5 min
followed vortexing for 5 min. In addition, embryos at 2-cell ©, 4C, 8C and 16C stage were
collected at 33, 44, 52 and 72 h postfertilization, respectively, and morula and blastocysts were
collected at 5 and 7 d postfertilization respectively.
RNA isolation, cDNA synthesis and RT-PCR
Total RNA was extracted from tissues or somatic cells using Tri-reagent (Invitrogen)
according to the manufacturer’s instructions. Isolated total RNA was treated with TURBO™
DNase I (Invitrogen) before cDNA synthesis. Approximately 2 μg of DNase-treated total RNA
was used for first strand cDNA synthesis in a 20 μl reaction including Oligo (dT)18 primer and
SuperScript III reverse transcriptase (Invitrogen). Concentrations and purity of isolated RNA were
determined by Nanodrop spectrophotometer and integrity of RNA was determined by agarose gel
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electrophoresis. Pools of 20 oocytes or in vitro produced different stage embryos were collected,
the RNA was extracted using RNAqueous

TM

-Micro Total RNA Isolation kit (Invitrogen)

according to manufacturer’s instruction. The cDNA was used as a template for PCR amplification
of bovine ZIM2 transcript fragment with gene-specific primers (Table 1) using GoTaq ® DNA
polymerase (Promega). The RT-PCR was performed by an initial denaturation at 95 °C for 3 min
followed by 35 cycles of 95 °C for 30 sec (denature), 60 °C for 30 sec (annealing), and 72 °C for
90 sec (extension) and final extension at 72 °C for 10 min. The PCR products were separated
through a 2% agarose gel containing gel green (Biotium). Amplification of cDNA for bovine
ribosomal protein L19 (RPL19) was used as a positive control for RT-PCR.
Plasmid Construction
The bovine ZIM2 ORF was amplified by PCR from a fetal ovary cDNA using the Phusion
High-Fidelity DNA polymerase (Thermo Scientific) and cloned into pcDNA 3.1 vector (Invitrogen)
with a HA or Flag tag, named pcDNA 3.1-bZIM2-HA or pcDNA 3.1-bZIM2-Flag. Bovine KAP1
ORF fused with a Flag tag was also cloned into pcDNA3.1 (Invitrogen), named pcDNA 3.1bKAP1-FLAG. The Kozak sequence was included in the pcDNA 3.1 constructs prior to the start
codon (ATG) for the optimal expression in mammalian cells. The bovine ZIM2 expression
construct for luciferase reporter assay was generated by cloning ZIM2 ORF into pBIND vector
(Promega), fused with a N-terminal GAL4 DNA binding domain (pBIND-ZIM2). For preparation
of His6Halo recombinant protein in E. coli, the ORF, KRAB and zinc finger domain, and zinc
finger domain were cloned into pH6TN His6HaloTag ® T7 vector (Promega), named His6HalobZIM2, His6Halo-bZIM2∆S, and His6Halo-bZIM2∆S∆K, respectively. The primers are listed in
Table 1. All constructs were verified by Sanger sequencing.
Generation of anti-ZIM2 Antibody and Western Blot Analysis
The bovine ZIM2 antibody was prepared by GenScript Corporation. Briefly, a 146-amino
acid bovine ZIM2 recombinant protein was generated using an E. coli system as the antigen. The
rabbits were immunized with the recombinant protein and polyclonal antiserum against ZIM2 was
raised from the immunized rabbits. The antibody was purified by affinity chromatography on
columns containing recombinant protein conjugated to affinity resin.
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Pools of 30-40 oocytes or embryos at different stages were boiled in Laemmli Sample
Buffer (Bio-rad) containing β-mercaptoethanol. The protein lysate samples were separated on a 420% gradient gel, and electrophoresis was run in 1× Tris/Glycine/ SDS running buffer for 2 h. The
proteins were transferred onto a PVDF membrane using iBlot 2 Dry Blotting System (Thermo
Scientific) followed by blocking in blocking buffer (LI-COR Bioscience) for 2 h. The membrane
was incubated with ZIM2 primary antibody in blocking buffer containing 0.2% tween-20 (1:250
v/v dilution) at 4 °C overnight. IRDye 800CW goat anti-rabbit IgG (LI-COR Bioscience) was used
as secondary antibody at 1:10000 v/v dilution. β-actin was used as the positive control for western
blot. The membrane was analyzed using the Odyssey Imaging system (LI-COR Bioscience).
Co-Immunoprecipitation (Co-IP)
To confirm the interaction between ZIM2 and KAP1, the pcDNA3.1-bZIM2-HA and
pcDNA3.1-KAP1-FLAG constructs were co-transfected into HEK293 cells using X-tremeGENE
9 (Roche) following the plasmid to transfection reagent ratio of 1:3. After 48 h, the cells were
cross-linked using DSP (dithiobis[succinimidylpropionate]) (Thermo Scientific) according to
manufacturer’s instruction. The cells were harvested and lysed in IP-lysis buffer (Thermo
Scientific) containing protease inhibitor cocktail. The cell lysate was incubated with anti-FLAG
(Sigma) antibody overnight at 4 °C with rotation. The antigen sample/antibody mixture was mixed
with pre-washed Protein A/G Magnetic Beads (Thermo Scientific) and rotated at room temperature
for 1 h. After three times of wash, the beads were boiled in Laemmli Sample Buffer (Bio-rad)
containing β-mercaptoethanol followed by western blot analysis using anti-HA primary antibody
(Thermo Scientific) and IRDye goat anti-rabbit IgG (LI-COR) as secondary antibody. The
membrane was analyzed using the Odyssey Imaging system (LI-COR Bioscience).
Histag Pull-down Assay
The His6Halo-bZIM2, His6Halo-bZIM2∆S, His6Halo-bZIM2∆S∆K constructs and
His6Halo-empty vector were transformed into KRX single step competent cells (Promega) for
induction of His6Halo-ZIM2 full length, His6Halo-ZIM2 KRAB and zinc finger domain, His6HaloZIM2 zinc finger domain and His6Halo recombinant proteins respectively. Briefly, a fresh colony
from each transformation was inoculated into LB-medium containing 100 µg/ml Ampicillin and
0.4% of glucose followed by culturing at 37 °C overnight. The overnight culture was further
diluted in fresh LB containing 100 µg/ml Ampicillin, 0.05% glucose and 0.1% rhamnose (1:100)
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and the protein was induced at 23 °C for 18 h. The recombinant proteins were purified and
immobilized on Dynabeads TM His-Tag Magnetic beads (Thermo Fisher Scientific). HEK293 cells
overexpressed KAP1-FLAG fusion protein were lysed in 1 × bind/wash buffer (50 mM sodium
phosphate, pH 8.0, 300mM NaCl, 0.01% Tween-20 and 1% Triton-X-100). The cell lysate was
diluted with 2 × pull-down buffer (6.5 mM Sodium phosphate, pH 7.4, 140 mM NaCl, 0.02%
Tween-20) followed by overnight rotating incubation with recombinant proteins immobilized on
beads at 4 °C. After three times of wash, the beads were boiled in Laemmli Sample Buffer (Biorad) containing β-mercaptoethanol followed by western blot analysis using anti-FLAG primary
antibody (Sigma) and IRDye goat anti-mouse IgG (LI-COR) as secondary antibody. The
membrane was analyzed using the Odyssey Imaging system (LI-COR Bioscience).
Cell Culture and Luciferase Reporter Assay
HEK 293 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM, Gibco)
supplemented with 10% (v/v) FBS. Cells (2.5 × 105 /well) were plated in a 24-well plate. 312.5 ng
of pBIND-ZIM2, 187.5 ng of pGL5 (Promega), and 6 ng of pRL-CMV (Promega) were cotransfected into HEK293 cells using X-tremeGENE 9 (Roche) following the plasmid to
transfection reagent ratio of 1:3. After 48 h, cells were split into a 96 well plate and the reactions
were carried out using the Dual Glo Luciferase Assay system (Promega) according to the
manufacturer’s instructions. The luminescence was measured using the SYNERGY H1 microplate
reader (BioTek) Relative luciferase activity was calculated as firefly luciferase activity divided by
Renilla luciferase activity. The relative luciferase activities were analyzed in JMP using Student’s
t-test. The data were obtained from a representative of three independent experiments, and each
group represents the mean ± SEM (Standard Error Mean) of 15 wells of cells.
RNA Interference (RNAi)-Mediated Knockdown of ZIM2
Knockdown of endogenous ZIM2 was performed by injecting ZIM2 small interference
RNA (siRNA) into the presumptive zygote. Two distinct siRNAs (Table 1) were designed using
the custom dicer-substrate siRNA (DsiRNA) design tool (Integrated DNA Technologies, IDT).
The siRNAs were interrogated by BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) search against
the bovine transcriptome and genomic database to rule out homology to any bovine sequences.
The ZIM2 siRNAs were generated commercially (IDT). Presumptive zygotes were collected 1214 h post insemination and denuded by incubating with hyaluronidase for 5 min followed
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vortexing for 5 min. The zygotes without cumulus cells were collected under stereomicroscope.
Microinjection was performed in T2 medium (Medium 199 containing HEPES and 2% FBS).
Approximately 15 pl of siRNA (50 µM) was injected into the cytoplasm of presumptive zygote.
The embryos injected with negative siRNA or without injection are used as control. Efficacy of
ZIM2 siRNAs in reducing endogenous ZIM2 protein in 8-cell embryos was determined by western
blot using ZIM2 primary antibody (GenScript). The proportion of embryos that reached blastocyst
stage (7 days post insemination) after ZIM2 siRNA, negative siRNA injection or without injection
were recorded to determine the requirement of ZIM2. Each group contained 25–30 embryos per
treatment.
RESULTS
Cloning and Characterization of ZIM2
The ORF of bovine ZIM2 gene was amplified from bovine fetal ovary cDNA using primers
(Table 1) designed based on the sequence in the NCBI database (NM_001002888.1). The ZIM2
transcript contains a 1,701 bp ORF encoding a protein of 566 amino acids. A search of the Pfam
protein database (Punta et al., 2012) in combination with visual inspection of the protein sequence
revealed that ZIM2 protein contains a SCAN domain followed by a conserved Krüppel-associated
box (KRAB) domain at the N-terminus and five zinc finger motifs at the C-terminus (Fig. 1A and
B). The SCAN domain, which spans from amino acid residue 40 to 126 of bovine ZIM2, is a
protein interaction domain mediating formation of homodimers or heterodimers (Edelstein and
Collins, 2005). The 53-amino acid residue KRAB domain repressive module is indispensable for
transcription repression (Looman et al., 2002). Unlike human ZIM2, bovine ZIM2 only has four
C2H2 zinc fingers since the first finger of bovine ZIM2 is degenerated due to the replacement of
the second zinc-binding cysteine with phenylalanine (Phe) (Fig.1 C). Interestingly, compared with
human PEG3, the first finger of bovine PEG3 is also degenerated (Kim J et al., 2004). The rest of
zinc finger motifs fit the definitive C2H2 zinc finger consensus sequence: Φ-X-Cys-X(2–4)-CysX3-Φ-X5-Φ-X2-His-X(3–4)-His (Fig.1 C), in which X represents any amino acid and Φ represents a
hydrophobic residue (Klug and Schwabe, 1995).
Analysis of ZIM2 Transcript and Protein Expression
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RT-PCR analysis revealed that bovine ZIM2 transcript is exclusively present in fetal ovary,
fetal and adult testis samples but undetectable in most somatic tissues analyzed, except thymus
(Fig.2 A). Further analysis within ovary indicated that ZIM2 transcript in present in oocytes rather
than granulosa or theca cells (Fig.2 B) suggesting the oocyte-specific expression within ovary. In
addition, the temporal expression of bovine ZIM2 transcript during oocyte maturation and early
embryonic development indicated that ZIM2 is present in GV and MII oocytes, 2C-stage embryos,
4C-stage embryos, 8C-embryos, 16C-embryos but undetectable in morula. Interestingly, the
expression of ZIM2 is re-detectable in blastocyst, in which stage the first lineage differentiation
occurs (Fig.2 C). Western blot analysis using anti-ZIM2 antibody revealed that ZIM2 protein is
present in GV and MII oocytes, 2C, 4C, 8C, 16C-stage embryos, morula, and blastocyst (Fig. 3).
The protein is around 63 kDa.
Potential Effect of Bovine ZIM2 Knockdown on Early Embryonic Development
To elucidate the function of ZIM2 on bovine preimplantation embryonic development,
RNAi-mediated knockdown assay was performed by microinjecting siRNA specifically targeting
bovine ZIM2 into presumptive zygotes. Two siRNAs, siRNA 1 and siRNA 9 were designed using
the online DsiRNA design software (IDT) and obtained from IDT. To test the efficacy of ZIM2
siRNAs in reducing endogenous ZIM2 protein, the 8-C embryos were collected following
microinjection. The western blot result indicated that ZIM2 protein is barely detectable in the
embryos injected with siRNA 1 (Fig.4 A). The siRNA 1 was used in the subsequent knockdown
study. The fertilized oocytes were first screened for the presence of polar body. siRNA 1 was
injected into the cytoplasm of presumptive zygotes, and the proportion of embryos developing to
blastocyst on day 7 post fertilization were examined. Injection of ZIM2 siRNA reduced the
blastocyst rate compared to the uninjected and negative siRNA group (Fig.4 B and C), indicating
the potential requirement of ZIM2 on bovine preimplantation embryonic development. However,
more replicates are required for statistical analysis.
ZIM2 Interact with KAP1
The identification of a highly conserved KRAB domain at the N-terminal of ZIM2 raises
a hypothesis that ZIM2 might interact with the highly conserved KRAB-containing zinc finger
protein co-repressor KAP1. Interaction between KRAB-zinc finger proteins and KAP1 allows
KAP1 to establish a scaffold at the target of KRAB-zinc finger protein, which recruits repressive
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complexes including HP1, SETDB1, and DNA methyltransferase (Denomme and Mann, 2013).
To confirm the interaction between ZIM2 and KAP1, CO-IP was performed by co-overexpressing
ZIM2-HA

and

KAP1-FLAG

recombinant

protein

in

HEK293

cells

followed

by

immunoprecipitation using anti-FLAG antibody. The protein complexes precipitated by FLAG
antibody are subjected to western blot analysis using HA antibody. The result revealed that ZIM2HA is presented in the protein complexes pulled down by FLAG antibody, indicating the
interaction between ZIM2 and KAP1 (Fig.5 A). Furthermore, the cell lysate containing
overexpressed FLAG-tagged KAP1 was incubated with immobilized His6Halo-tagged ZIM2 with
SCAN domain removed (ΔS), SCAN and KRAB domains removed (ΔSΔK) or ZIM2. The pulldown products were analyzed by western blot analysis using anti-FLAG antibody (Fig.5 B).
Removal of SCAN domain from ZIM2 did not affect the interaction between ZIM2 and KAP1,
but deletion of KRAB domain blocked the ZIM2 and KAP1 interaction, confirming that ZIM2
interacts with KAP1 via the KRAB domain (Fig.5 D).
ZIM2 Is a Transcription Repressor
Confirmation of the interaction between ZIM2 and KAP1 indicates that ZIM2 might have
an intrinsic repressive function. Since the target element(s) of ZIM2 remain elusive, we fused
ZIM2 with GAL4 DNA binding domain (GAL4DBD) in pBIND vector (pBIND-ZIM2). pGL5
firefly luciferase reporter vector, which contains four GAL4 binding elements controlling the
TATA-box driven firefly luciferase gene and pBIND-ZIM2 or pBIND empty vector, along with
pRL-CMV, a Renilla luciferase control, were co-transfected into HEK293 for the luciferase assay
(Fig.6 A). Compared to pBIND control transfection, the overexpression of GLA4DBD-ZIM2
significantly reduced the relative luciferase activity, indicating that ZIM2 is a transcription
repressor (Fig.6 B).
DISCUSSION
In the present study, we identified bovine ZIM2, which contains a SCAN domain followed
by a conserved KRAB domain at the N-terminal and a five-motif zinc finger domain at the Cterminal. Analysis of bovine ZIM2 transcription during oocyte maturation and preimplantation
embryonic development revealed that ZIM2 transcript is present in both GV and MII oocytes, as
well as 2C, 4C, 8C, 16C-embryos. However, ZIM2 mRNA is barely detectable in morula but retranscribed in blastocyst. ZIM2 protein is present in GV, MII oocytes, 2C, 4C. 8C, 16C-embryo,
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morula and blastocyst. To elucidate the maternal-derived ZIM2 on early embryonic development,
siRNA targeting ZIM2 ORF was injected into zygotes to delete the maternal ZIM2 transcript. The
results indicated that deletion of ZIM2 may block embryonic development in cows. However,
more replicates are required. Since ZIM2 contains a conserved KRAB domain, we tested if ZIM2
interacts with KAP1 and has repressive effect on transcription. Using CO-IP and Histag pulldown,
ZIM2 was confirmed to interact with KAP1 via KRAB domain. In addition, the luciferase assay
revealed that ZIM2 contains an intrinsic repressive effect.
Around 32-cell stage in cows (Soom et al., 1997), the embryos undergo compaction, a
process in which cell-to-cell adhesion increases and the cell boundaries are less evident. Coincided
with the occurrence of compaction, the outer blastomeres acquire apical-basal polarity, while the
inner cells maintain the apolar. The polarity within the outer blastomeres inhibits the cell-cell
adhesion mediated Hippo signaling pathway activation, thus maintains the accumulation of Yap1
and TAZ in nucleus, which activates the Tead4-dependent Cdx2 transcription (Nishioka et al.,
2009), leading the formation of trophectoderm (TE). The second lineage differentiation occurs
within the inner cell mass (ICM): the primitive endoderm is differentiated, and rest of cells become
pluripotent epiblast (EPI). The molecular aspect of cell differentiation is well investigated in
murine models. Oct4 and Cdx2 are required for the segregation and function of ICM and TE
lineages. The expression of Oct4 and Cdx2 is exclusive in ICM and TE respectively (Strumpf et
al., 2005; Le Bin et al., 2014). Deletion of Cdx2 releases the repressive effect of Oct4 and Nanog
in outer layer of blastocyst and causes the death of those cells (Strumpf et al., 2005). Oct4 in early
blastocyst plays a role in restricting Nanog to maintain flexibility for formation of PrE and required
to repress the Cdx2 and TE differentiation in mid-late ICM (Le Bin et al., 2014). In addition,
expression of Oct4 after 8-cell stage embryo is dispensable for segregation of EPI and PrE as long
as the proper environment is established (Le Bin et al., 2014). In contrast, OCT4 is expressed in
both bovine ICM and TE, but ICM contains a higher level of OCT4. Compared to ICM, CDX2 is
expressed in a higher level in TE (Sawai, 2021). Using a somatic cell nuclear transfer (SCNT)
model, it has been demonstrated that deletion of OCT4 blocked expression of Nanog in the ICM,
indicating the requirement of OCT4 for the segregation of PrE and EPI, which resemble the
scenario in human (Simmet et al., 2018). The present study revealed a re-expression of ZIM2 in
blastocyst indicating that zygotically derived ZIM2 might be involved in TE differentiation, since
ZIM2 is high abundant in fetal placenta as well in cow (Li et al., 2016). Considering the similarity
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between cow and human, further investigation of late developmental stage using cow as a model
might elucidate the scenario in human.
ZIM2 contains an N-terminal SCAN domain followed by a highly conserved KRAB
domain. Even though the KRAB domain is present, some of SCAN containing KRAB-ZFPs are
not able to recruit KAP1 corepressor (Itokawa et al., 2009). Current studies confirmed that ZIM2
interacts with KAP1 corepressor via the KRAB domain and has a repressive effect on transcription.
KAP1 belongs to the TIF1 family, the architecture of which are highly conserved, including an Nterminal triparitite motif (TRIM), containing an RBCC (RING (really interesting new gene) finger,
two B-box zinc fingers, and a coiled-coil) domain, a central TIF1 signature sequence (TSS) domain
consisted of a 25-amino acid tryptophan- and phenylalanine-rich sequence, as well as a C-terminal
combination plant homeodomain (PHD) and bromodomain (PD domain) (Friedman et al., 1996;
Iyengar and Farnham, 2011). The RBCC domain mediates the interaction between KAP1 and
KRAN domain (Peng et al., 2002). Interestingly, only KAP1 can interact with KRAB domain,
even though the highly conserved architecture in TIF1 family (Peng et al., 2002). In addition,
KAP1 also has a unique HP-1-binding domain, which contains a consensus PxVxL motif (Lechner
et al., 2000; Iyengar and Farnham, 2011). The C-terminal chromo shadow domain (CDS) of HP1 recognizes PxVxL-motif containing HP-1 binding domain, mediating the interaction between
KAP1 and HP-1, while the N-terminal chromo domain (CD) binds to methylated H3K9, which is
required for transcription repression (Thiru et al., 2004; Lomberk et al., 2006). The C-terminal PD
domain of KAP1 serves as an E3 SUMO ligase, promoting the auto-SUMOylation (Ivanov et al.,
2007). The auto-SUMOylated PD domain of KAP1 recruits SETDB1, mediating the methylation
of H3K9. In addition to repressive complexes targeting chromatins or histones, KAP1 can also
recruit DNA methyltransferase (DMNT), which repress transcription through DNA methylation
(Zuo et al., 2012). DNMT1 preferentially recognizes the hemimethylated DNA to maintain the
methylation during each cell cycle (Denomme and Mann, 2013). The E3 ubiquitin ligase UHRF1
(ubiquitin-like containing PHD and RING finger domains protein 1) plays an essential on the
recruitment of DNMT1 (Bostick Magnolia et al., 2007; Sharif et al., 2007) via mediating
ubiquitylation of histone H3 by its ring domain (Foster et al., 2018). Other than recruiting DNMT1,
UHRF1 contributes to de novo methylation as well in preimplantation embryonic development
(Maenohara et al., 2017). It has been demonstrated that UHRF1 interacts with de novo DNA
methyltransferases (Meilinger et al., 2009), and global GC methylation level dramatic reduced in
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Uhrf1 conditional knockout mouse compared to Dnmt1 conditional knockout mouse (Maenohara
et al., 2017). Through TTD domain, UHRF1 can recognize H3K9me3, the marker for the repressed
alleles of imprinted control region (ICRs) in preimplantation embryos (Maenohara et al., 2017).
In addition, it has been demonstrated that UHRF1 interacts with KAP1 directly and is involved in
ZFP57/KAP1 repressive effect (Quenneville et al., 2011). Furthermore, UHRF2, a second member
of UHRF family, which contains similar domain to UHRF1, interacts with zinc finger domain of
Non-KRAB C2H2-zinc finger proteins (Oh and Chung, 2013; Liu et al., 2016).
Even though more replicates are desired, the RNAi-mediated deletion of maternal derived
ZIM2 transcripts reduced blastocyst rate, revealing that ZIM2 might have essential function during
preimplantation development. One of the potential functions of KRAB-ZFPs-KAP1 repressive
complexes is associated with transposable elements (TEs). For a long period of time, TEs had been
considered as purely parasitic DNA, which might agitate the host genome (Doolittle and Sapienza,
1980). In addition, it is estimated that more than half of human or mouse genomes are Tes (Lander
et al., 2001; Chinwalla et al., 2002). Dysregulation of TEs can cause serious disorder. For instance,
a known cause of breast cancer is the insertion of primate specific Alu SINE into the BRCA1 and
BRCA2 genes (Miki et al., 1996; Puget et al., 1999). Due to the variation of the number of fingers
as well as key amino acid residues, KRAB-containing ZFPs can have various targets, which makes
this group of proteins an ideal controller for TEs. It’s estimated that up to 2/3 of human KRABZFPs bind to TEs within human genome (Yang et al., 2017). TEs have been considered as an
evolutionary motor for positive selection for KRAB-ZFPs for a long time, since the betrayed TEs
escape from the inhibitory effect of KRAB-ZFPs, triggering the evolution of KRAB-zinc finger
protein (Ecco et al., 2017). However, a growing amount of evidence revealed that TEs can be coopted for the benefit of the host. For instance, murine endogenous retrovirus L (MERVL) elements
act as an alternative robust promoter driving the nearby expression of two-cell specific genes
during ZGA (Peaston et al., 2004). Nowadays, it’s accepted that the KRAB-ZFPs irreversibly
silence TEs during early developmental stage, and domesticate the regulatory potential as ciselements, which benefits the host in adult tissues (Ecco et al., 2016). For example, zinc finger
protein (ZFP) 568, a KRAB-ZFP primarily silencing endogenous retroelements, suppresses a
placental-specific Igf2 promoter (Igf2-p0) to maintain the proper regulation of insulin-like growth
factor (IGF) signaling pathway (Yang Peng et al., 2017). Considering highly abundant KRABZFPs and their Tes counterpart, maternally derived ZIM2 might silence the TE-embedded
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sequences during early embryonic development and maintains the regulation of the target
sequences in trophoblast and placenta to regulate the growth of embryos.
In summary, we demonstrated that the maternally derived ZIM2 might be indispensable
for early embryonic development, presumptively suppressing the transcription of target elements.
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FIGURE LEGENDS
Fig. 1. Structure of ZIM2. (A) Secondary structure of ZIM2. (B) Primary sequence of bovine
ZIM2. The predicted zinc finger domains are highlighted in grey; the SCAN domain is highlighted
in blue, and the KRAB domain is highlighted in green. (C) Alignment of the amino acid sequences
of the zinc finger domains. ZIM2 possesses 5 zinc fingers (ZF1–ZF5), the first C2H2 finger is
degenerated, due to the replacement of the second zinc-binding cysteine with phenylalanine. The
rest of the fingers (ZF2-ZF5) conform to the C2H2 consensus, C-X2-C-X3-F-X5-L-X2-H-X3-H, in
which X represents any amino acid and F and L are Hydrophobic amino acids.

Fig. 2. Analysis of ZIM2 transcript by RT-PCR. (A) Tissue distribution of ZIM2 mRNA in
various bovine tissues. RT-PCR analysis of ZIM2 throughout various bovine tissues reveals that
ZIM2 is transcribed in oocyte-rich fetal ovaries, fetal and adult testis as well as thymus. (B) Bovine
ZIM2 mRNA is only expressed in oocyte-rich fetal ovary rather than surrounding somatic cells
(granulosal or theca cells). (C) Bovine ZIM2 is expressed in GV, MII oocytes, and 2C- through
16C-stage embryos. The expression of bovine ZIM2 is diminished in morula but detectable in
blastocyst. Bovine RPL19 was used as an internal control.

Fig. 3. Analysis of bovine ZIM2 protein expression in oocytes or early embryos. (A) The
amino acid residue sequence used to generate bovine ZIM2 antibody. A 146 amino acid residue
recombinant protein was generated using the E. coli system for the antigen of ZIM2 antibody. The
amino acid residues used to generate the ZIM2 antigen are bold. (B) Analysis of ZIM2 protein
during oocyte maturation and early embryonic development.

Fig. 4. Effect of RNAi-mediated ZIM2 knockdown on early embryonic development. (A)
Effect of ZIM2 siRNAs microinjection on ZIM2 protein in 8-cell embryos was determined by
western blot analysis. (B) Proportion of embryos that developed to blastocyst stage following
microinjection of siRNA1 into presumptive zygote in the first replicate. (C) Proportion of embryos
that developed to blastocyst stage following microinjection of siRNA1 into presumptive zygote in
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the second replicate. Uninjected embryos and embryos injected with a nonspecific siRNA were
used as controls. Data are expressed as mean, 25- 30 embryos/treatment.

Fig. 5. Interaction of bovine ZIM2 with co-repressor KAP1. (A) CO-IP analysis of the
interaction between bovine ZIM2 and KAP1 co-repressor. The expression constructs pcDNA 3.1bZIM2-HA and pcDNA3.1-KAP1-FLAG were co-transfected into HEK 293 cells. The cell lysates
were immunoprecipitated with anti-FLAG antibody followed by western blot analysis using antiHA antibody. (B) Schematic representation of bovine ZIM2 deletion constructs including ZIM2
with the KRAB domain removed (ΔK), SCAN domain removed (ΔS) or both domains removed
(ΔSΔK). All mutant ZIM2 proteins are fused with an N-terminal His6Halo tag. (C) All mutant
bovine ZIM2 proteins fused with His6Halo tag were expressed in E. coli system. The expression
was analyzed by Coomassie blue staining. (D) Cell lysate containing overexpressed FLAG-tagged
KAP1 was incubated with immobilized His6Halo-tagged ZIM2 with SCAN domain removed (ΔS),
both SCAN and KRAB domains removed (ΔSΔK) or ZIM2. The pull-down products were
analyzed by western blot analysis using anti-FLAG antibody.

Fig. 6. Transcriptional repressive activity of ZIM2 by GAL4-luciferase assay. (A) Schematic
representation of the pG5luc reporter vector and expression constructs. The pG5luc reporter vector
contains five GAL4-binding sites upstream of the firefly luciferase gene. The bovine ZIM2 gene
is fused in-frame to the GAL4DBD sequence in pBIND vector. (B) Transcription repression effect
by ZIM2. HEK293 cells were transfected with equal amount of pBIND or ZIM2-pBIND plasmid
together with PG5luc plasmid as well as pRL-CMV Renilla luciferase vector. Relative luciferase
activity was calculated as firefly luciferase activity divided by Renilla luciferase activity. The data
were shown as mean ± SEM. Significant differences are noted by *, n= 15.
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TABLE 1
Primer name

Primer sequence (5’-3’)

Application

bZIM2-722F

AAACACCAGCAGATCCATACG

ZIM2 RT-PCR

bZIM2-1182R

TAGGATGGTTGGCTGAAACAC

ZIM2 RT-PCR

RPL19-F

GAAATCGCCAATGCCAACTC

RPL19 RT-PCR

RPL19-R

GAGCCTTGTCTGCCTTCA

RPL19 RT-PCR

hRPL19-rt-F

CAAGCTGAAGGCAGACAAGGC

RPL19 RT-PCR

hRPL19-rt-R

CTTGGTCTCTTCCTCCTTGGA

RPL19 RT-PCR

bZIM2-ORFHAEcoRV-F
bZIM2-ORFHAXhoI-R
bZIM2-pBIND-SalIF
bZIM2-pBINDXbaI-R
bZIM2-ORF-XbaI-F

CCGGGATATCGCCGCCACCATGCTCCACATGAAAGAGATTTTG

ZIM2 clone

CCGGCTCGAGGTGACGGCACTCAAGGGGCTT

ZIM2 clone

GGGCCCGTCGACTTATGCTCCACATGAAAGAGATTTTG

ZIM2 clone

GGGCCCTCTAGATCAGTGACGGCACTCAAGGGG

ZIM2 clone

CCGGTCTAGAATGCTCCACATGAAAGAGATTTTG

ZIM2 clone

bZIM2-ORF-ApaI-R

GGAAGGGCCCTCAGTGACGGCACTCAAGGGG

ZIM2 clone

bZIM2-Zonly-XbaIF
bZIM2-KRAB+ZnXbaI-F

CCCGGGTCTAGAGATTCCTGGTATACCCACACA

ZIM2 clone

CCCGGGTCTAGAGATTCCTGGTATACCCACACA

ZIM2 clone
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SUMMARY
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As a novel transcription factor, ZNFO has been elucidated to be required for the early
embryonic development in cattle. The expression profile revealed that ZNFO is expressed
exclusively in bovine oocytes and early embryos. Considering transcription silence until EGA, the
transcript of ZNFO in early embryos is maternally derived. However, the mechanism of oocyteexclusive transcription of ZNFO remained elusive. In the present study, we first identified the TSS
of ZNFO transcripts using5’RACE followed by Sanger sequencing. Analysis of the Sanger
sequence results indicated that the TSS of ZNFO is G and the alignment to genome sequence
revealed that a T is located immediately upstream of the G, forming a T-1G+1 initiator. A series of
5’end deletion of the potential ZNFO promoter in conjugate with luciferase assay revealed that the
region spanning from -57 to -31 relative the TSS is essential for the promoter activity of ZNFO.
Analysis of this region using MatInspector software indicated a USF1/2 binding site is present in
the essential region. Mutation of USF1/USF2 binding site in combination with RNAi-mediated
knockdown of USF1/2 demonstrated that the USF1/2 binding site is required for the promoter
activity. And the gel shift assay confirmed that USF1/2 heterodimer directly interacts with ZNFO
core promoter to drive the basal transcription. The current study reveals that USF1/2 binding site
is in conjugation with the T-1G+1 initiator to drive the basal transcription of ZNFO (Fig. 1).
Identification of basal transcription machinery is a key step to elucidate oocyte-specific expression
of ZNFO in cows. Future study will focus on identifying the transcription factor(s) that are
involved in activation of ZNFO during oogenesis. Taking advantage of well-developed
chromosome conformation technology, we might be able to detect the enhancer(s) that interact
with ZNFO promoter and characterize the mechanism controlling oocyte-specific expression of
ZNFO. Regarding the downstream target of ZNFO, we identified an 18-nucleotite consensus
element. It was also confirmed that ZNFO can repress transcription through interaction with its
target element. Identification of the target elements of transcription factors is essential for
identifying the target genes. Future studies will take advantage of RNAi mediated knockdown of
ZNFO transcripts followed by single cell sequencing to figure out the differentially expressed gene
between knockdown group and control group. A search of ZNFO binding element within promoter
region(s) of differentially expressed gene(s) will be performed to identify the target gene(s).
Through combining the upstream data as well as the downstream data, we might be able to figure
out the ZNFO signaling pathway.
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Compared to laboratory species, livestock species are closer to human regarding regulation
of early embryonic development. Investigation of the function of maternal ZIM2 using cow as a
model may elucidate human ZIM2 function during early embryonic development. The current
studies revealed that ZIM2 is present in bovine oocytes and early embryos. The loss-of-function
results revealed that maternally derived ZIM2 might be essential for bovine early embryonic
development. In addition, ZIM2 is a transcription repressor interacting with KAP-1 corepressor,
as KAP-1 bound to ZIM2 was detected in the present study by CO-IP analysis. It has been reported
that maternal zinc finger proteins might repress transposable element(s), and re-expression of zinc
finger proteins has essential functions in adult tissue. The current study shows that ZIM2 is retranscribed in blastocyst, indicating the potential essential function of ZIM2 in the later stage.
Future studies would focus on target(s) of ZIM2 and physiological function of ZIM2 on the
metabolism aspect controlling embryo growth, since imprinted genes may control growth. We
would perform RNAi mediated knockdown followed by single cell sequencing to identify
differentially expressed gene(s) when comparing knockdown group and control group. In addition,
since we have an antibody against ZIM2, we could perform ChIP-seq as well. Combining the
ChIP-seq results with RNA-seq results, we might be able to identify the target genes. In addition,
we would perform a knock-out study to delete embryonic-derived ZIM2 and elucidate the
mechanism that ZIM2 affects embryo growth in the later stage.
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FIGURE LEGENDS
Fig. 1. Basal transcription machinery of ZIM2. The basal transcription of ZNFO relies on the
conjugation of USF1/2 binding site with T-G+1 initiator.
Fig. 2. ZIM2 represses transcription via KAP-1 corepressor. ZIM2 interacts with KAP-1 corepressor, recruiting the repressive complexes to the target genes.
FIGURES
Fig. 1

Fig. 2
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